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LUMENOGENIC AND FLUOROGENIC COMPOUNDS AND METHODS
TO DETECT MOLECULES OR CONDITIONS
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Background

Luminescence is produced in certain organisms as a result of a luciferase-

mediated oxidation reaction. Luciferase genes from a wide variety of vastly

different species, particularly the luciferase genes ofPhotinus pyralis and

15 Photuris pennsylvanica (fireflies ofNorth America), Pyrophorus

plagiophthalamns (the Jamaican click beetle), Renilla reniformis (the sea pansy),

and several bacteria (s.g.,Xenorhabdus luminescens and Vibrio spp), are

extremely popular luminescence reporter genes. Firefly luciferase is also a

popular reporter for determining ATP concentrations, and, in that role, is widely

20 used to detect biomass. Luminescence is also produced by other enzymes when

those enzymes are mixed with certain synthetic substrates, for instance, alkaline

phosphatase and adamantyl dioxetane phosphate, or horseradish peroxidase and

luminol.

Luciferase genes are widely used as genetic reporters due to the non-

25 radioactive nature, sensitivity, and extreme linear range of luminescence assays.

For instance, as few as 10"20 moles of firefly luciferase can be detected.

Consequently, luciferase assays of gene activity are used in virtually every

experimental biological system, including both prokaryotic and eukaryotic cell

cultures, transgenic plants and animals, and cell-free expression systems.

30 Similarly, luciferase assays used to determine ATP concentration are highly

sensitive, enabling detection to below 10"16 moles.

Luciferases can generate light via the oxidation of enzyme-specific

substrates, e.g., luciferins. For firefly luciferase and all other beetle luciferases,

light generation occurs in the presence of luciferin, magnesium ions, oxygen,
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and ATP. For anthozoan luciferases, including Renilla luciferase, only oxygen

is required along with the substrate coelentrazine. Generally, in luminescence

assays to determine genetic activity, reaction substrates and other luminescence

activating reagents are introduced into a biological system suspected of

5 expressing a reporter enzyme. Resultant luminescence, if any, is then measured

using a luminometer or any suitable radiant energy-measuring device. The assay

is very rapid and sensitive, and provides gene expression data quickly and easily,

without the need for radioactive reagents.

Because most enzymatic reactions do not generate outputs that are as

10 ideal as luciferase, the availability of a luciferase mediated assay for enzymatic

reactions useful in cellular analysis and high-throughput screening applications

would be desirable to those working in this field. The development of such a

luciferase mediated reaction as the basis for such enzymatic or biological assays

has, however, been limited. Luciferase mediated reactions have been employed

15 to detect numerous other molecules, e.g., ATP or lactate dehydrogenase. For

some of those reactions, a derivative of the naturally occurring substrate is

employed. Native firefly luciferin, a polytherocyclic organic acid, D-(-)-2-

(6
,

hydroxy-2 ,

-benzothiazolyl)-A
2
-thiazolin--4-carbozylic acid, is shown in

Figure 1. For instance, methods for using luciferin derivatives with a

20 recognition site for an enzyme such as a protease as a prosubstrate were

described by Miska et al. (Journal of Clinical Chemistry and Clinical

Biochemistry. 25:23 (1987)). The heterogenous assays were conducted by

incubating the luciferin derivative with the appropriate enzyme, e.g., a protease,

for a specified period of time, then transferring an aliquot of the mixture to a

25 solution containing luciferase. Masuda-Nishimura et al. (Letters in Applied

Microbio. . 30:130 (2000)) reported the use of a single tube (homogenous) assay

which employed a galactosidase substrate-modified luciferin. In these luciferin

derivatives, the portion of the derivative functioning as the reactive group for the

nonluciferase enzyme activity was coupled to the D-luciferin or aminoluciferin

30 backbone such that upon the action of the nonluciferase enzyme, a D-luciferin or

aminoluciferin molecule was produced as the direct product of the reaction to

serve as the substrate for luciferase. A primary obstacle to broadly applying

luciferase mediated reactions for other enzymatic assays has been the belief that
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to modify the luciferin molecule to function as a substrate for a nonluciferase

enzyme, the activity of the nonluciferase enzyme must directly yield a D-

luciferin or aminoluciferin molecule to retain its function as a substrate for

luciferase.

5 There is, therefore, a need in the field of biological assays to expand the

utility of luciferase mediated reactions for nonluciferase enzymes by identifying

derivatives of luciferin that function as a substrate for a nonluciferase enzyme or

other biological molecule of interest and as a prosubstrate for luciferase

regardless ofwhether D-luciferin or aminoluciferin is released as a direct result

10 of the nonluciferase enzymatic reaction.

Summary of the Invention

The present invention provides derivatives of luciferin and methods for

using such derivatives in enzyme activity assays or non-enzymatic biological

1 5 assays where the luciferin derivative serves as a substrate for a desired enzyme

and is a prosubstrate for luciferase or wherein the luciferin derivative is a

molecule which is modified by a molecule of interest, which modified molecule

is a substrate for luciferin. Surprisingly, many of the luciferin derivatives also

have activity as substrates for luciferase in a light generating assay. Thus, by

20 providing luciferin derivatives having a particular enzyme recognition site

(reactive chemical group in a molecule refered to as a substrate for a particular

enzyme) for a desired nonluciferase enzyme coupled to the luciferin backbone

(or other chemical moiety constituting a suitable substrate for luciferase), such as

derivatives with modifications at the 6' hydroxy site of luciferin or the 6' amino

25 site of aminoluciferin, yielding a substrate for a desired nonluciferase enzyme

and a prosubstrate of luciferase, numerous nonluciferase enzymes may be

measured in a bioluminescent assay.

Modifications of luciferin within the scope of the derivatives of this

invention include one or more substitutions of a ring atom, one or more

30 substitutions of a substituent (atom or group) attached to a ring atom, and/or

addition of one or more atoms to the ring, e.g., expansion or addition of rings, or

a combination thereof. Numbering for some of the ring atoms in D-luciferin is

shown in Figure 1 . Native firefly luciferin has three linked rings, a 6 membered
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ring having an OH group at position 6 ("ring A" or "A ring" hereinafter), a 5

membered thiazole ring linked to the 6 membered ring ("ring B" or "B ring"

hereinafter), and a 5 membered thiazole ring that is modified with a carboxyl

group at position 5 ("ring CM
or

flC ring" hereinafter). For instance, a luciferin

5 derivative with a A ring modification may have a substitution of a C atom in the

A ring with another atom, addition of a ring, a substitution of a substituent

attached to a ring atom with a different atom or group, or any combination

thereof. A luciferin derivative with a B ring modification may have an addition

to or substitution of an atom in the five membered ring, e.g., insertion of one or

10 more atoms, thereby expanding the ring, for instance, to a six membered ring,

substitution ofN or S in the ring with a different atom, e.g., aCorO,

substitution of a substituent atom or group attached to a ring atom, or any

combination thereof. A luciferin derivative with a C ring modification may have

a substitution of an atom in the ring with another atom, a substitution of a

15 substituent attached to a ring atom, with a different atom or group, or any

combination thereof. In one embodiment, a derivative of the invention is one

which is modified at more than one position, for instance, the derivative has two

(or more) A ring modifications, two (or more) B ring modifications, two (or

more) C ring modifications, or any combination thereof. In one embodiment,

20 one modification is the substitution of a substituent on one of the rings ofD-

luciferin with a substrate for a nonluciferase enzyme, or a linker and a substrate

for the nonluciferase enzyme.

Exemplary derivatives with A ring modifications may be a substrate for a

reductase, such as a cytochrome P450 reductase, monoamine oxidase (MAO),

25 flavin monooxygenase (FMO), glutathione S transferase (GST), dealkylase,

deacetylase, defoimylase, phosphatase, e.g., alkaline phosphatase (AP), sulfatase,

beta-lactamase, alcohol dehydrogenase, protease e.g., proteosome, cathepsin,

calpain, beta secretase, thrombin, or granzyme, luciferase, or useful to detect

reactive oxygen species (ROS), peroxidase, e.g., horseradish peroxidase (HRP),

30 and redox conditions. Exemplary molecules or conditions to be detected with

derivatives having at least a B ring modification include but are not limited to

dealkylase, GST or luciferase, or redox conditions. Exemplary molecules to be

detected with those derivatives include a cytochrome P450 enzyme, esterase, e.g.,
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acetylcholinesterase, OH radicals, demethylase, deacetylase, deformylase, or

mycoplasma carboxypeptidase. Exemplary molecules to be detected with

derivatives having C ring modifications include but are not limited to esterases.

In one embodiment, derivatives of luciferin or aminoluciferin have the

5 following structure: L-X-M-Y-R (compound of formula IV), wherein L, if

present, may be a substrate for an enzyme or another molecule which interacts

with the enzyme; X may be O, NH, or a linker, e.g., a self-cleavable linker which

spontaneously cleaves to yield M-Y-R after L has been removed from L-X-M-Y-

R; M may be luciferin, quinolinyl luciferin or naphthyl luciferin, or

10 aminoluciferin or aminoquinolinyl luciferin, Y is O (ester), NH (amide), NH-NH

(hydrazide), or S (thioester); and R, if present, may be alkyl, an aromatic

molecule, a peptide, an oligonucleotide, or a self-cleavable linker attached to a

substrate for an enzyme.

In one embodiment, the invention provides a compound of formula I:

15

z

I

wherein

Y is N, N-oxide, N-(C,-C6)alkyl, or CH;

20 whenY is N, then X is not S;

X is S, O, CH=CH, N=CH, or CH=N;

whenX is S, then Y is not N;

Z and Z' are independently H, OR, NHR, or MIR;

Z" is O, S, NH, NHR, orN=N;

25 Q is carbonyl or CH2;

5
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W l

is H, halo, (QAJalkyl, (C2-C2o)alkenyl, hydroxyl, or (C,_C6)alkoxy;

or

W 1

and Z are both keto groups on ring A, and at least one of the dotted

lines denoting optional double bonds in ring A is absent;

5 eachW2
is independently H, halo, (Q.C^alkyl, (C2-C4)alkenyl, hydroxyl,

or (Ci.C6)alkoxy;

each ofK1

,
K2

,
K3

, and K4
are independently CH, N, N-oxide, or

N-(Ci-C6)alkyl, and the dotted lines between K 1

and K2
, and K3

and K4
, denote

optional double bonds;

10 A' and B' are optional aromatic rings fused to ring A, only one of which

is present in the compound, so as to form a fused tricyclic system; and

when B' is present, the group Z is present, and

when A' is present, the group Z is absent; and

the dotted line in ring B is an optional double bond;

15 each R is independently H, (CrC2o)aUkyl, (C2-C2o)alkenyl, (C2-

C2o)alkynyl, (C3-C20)cycloalkyl, (Ci-Ci 2)alkoxy, (CVC3o)aryl, heteroaryl,

heterocycle, (Ci-C2o)alkylsulfoxy, (C6-C3o)arylsulfoxy, heteroarylsulfoxy,

(C
i
-C2o)alkylsulfonyl, (C6-C3o)arylsulfonyl, heteroaryisulfonyl,

(Ci-C2o)alkylsulfinyl, (C6-C3o)arylsulfinyl, heteroarylsulfinyl,

20 (CrC20)alkoxycarbonyl, amino, NH(Ci-C6)alkyl, N((Ci-C6)alkyi)2,

tri(Ci-C2o)ammonium(Ci-C2o)alkyl, heteroaryl(CrC2o)alkyl, heteroaryl having

quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen,

(C6-C3o)arylthio, (Ci-C2o)alkylphosphate, (CrC2o)alkylphosphonate,

(C6-C30)arylphosphate, (C6-C30)arylphosphonate, phosphate, sulfate, saccharide,

25 or M*" optionally when Z" is oxygen, whereinM is an alkali metal;

or when Z or Z' is NR'R1

, RlR}

together with the N to which they are

attached forms a heteroaryl or heterocycle group;

wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

30 substifuents selected from (C|-C2o)alkyl, (C2-C20)alkenyl, (C2-C20)alkynyl,

(C3-C2o)cycloalkyl, (C|-C2o)alkoxyl, (Cj-C^alkylcarbonyl,

(C|-C20)alkylcarboxyl, halo, hydroxyl, -COORx
, -S02Rx

,
-S03R

x
, nitro, amino,

(Ci-C2o)alkyl-S(0)-, (CrC20)alkyl-SO2-, phosphate, (Ci-C20)alkylphosphate,

6
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(Ci-C2o)alkylphosplioiiate, NH(Ci-C6)alkyl, NH(CrC6)alkynyl, N((Ci-C6)alkyl)2,

N((CrC6)alkynyl)2 ,
mercapto, (Ci-C2o)alkylthio, (C6-C3o)aryl, (C6-C30)arylthio,

trifluoromethyl, =0, heteroaryl, and heterocycle, and each substituent is

optionally substituted with one to three R groups;

5 Rx
is H, (C,-C6)alkyl, or (C6-C30)aryl;

when Z or Z* comprises a nitrogen moiety, one or both of the hydrogens

of the Z or Z' nitrogen moiety may be replaced by (CrC2o)alkyl or the group L,

wherein L is an amino acid radical, a peptide radical having up to 20 amino acid

moieties, or any other small molecule that is a substrate for a nonluciferase; with

10 the proviso that when L is an amino acid radical or a peptide radical, at least one

W2
is not H;

when Z is a hydroxyl group or a nitrogen moiety, H of the hydroxyl or

nitrogen moiety may be replaced by (HO)2P(0)-OCH2-, sulfo, -PO3H2, or by a

cephalosporanic acid attached to the group Z via a carbon chain ofone to about

15 12 carbon atoms; with the proviso that when ring B is a thiazole ring, the sulfo

or the -PO3H2 group is attached to the hydroxyl oxygen via a (CrC6)alkylene

group;

when Z or Z' is a hydroxyl group or a nitrogen moiety, or when Z"-R is a

hydroxyl group, one H of the hydroxyl or nitrogen moiety may be replaced by

20 the group L'-linker, wherein L' is a group removable by an enzyme to free the

linker, and linker is a carbon chain that can self-cleave, optionally interrupted by

one or more nitrogen atoms, oxygen atoms, carbonyl groups, optionally

substituted aromatic rings, or peptide bonds,

linker is attached to L' via an oxygen atom or anNH group at one

25 terminus of the linker and the other terminus of the linker forms an ether, ester,

or amide linkage with a group Z, Z\ or Z"-R;

when Z is OR, formula I is optionally a dirtier connected at the two A

rings via a linker comprising a (CrCi2)alkyl diradical that is optionally

interrupted by one to four O atoms, N atoms, or an optionally substituted aryl,

30 heteroaryl, or heterocycle group to form a bridge between the dimer of formula I,

and the R group of each Z group connecting the dimer of formula I is replaced

by the bridge;

7
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A" is an anion, present when a quaternary nitrogen is present;

or a salt thereof;

provided that:

when rings A and B form a naphthalene or quinoline ring system, then

5 W l

is not hydrogen;

when a ring A substituent is OH, then -Q-Z"-R is not -C(0)-NH-NH2 ;

when Y isN or CH and X is CH=CH andW l

is H, then Z is not OH

attached to K3
; and

whenY is N or CH and X is CH=CH and Z is H, thenW 1

is not OH

10 attached to K3
.

In another embodiment, the invention provides a compound of formula

O

Z

IA

wherein

Y is N, N-oxide, N-(CrC6)alkyl, or CH;

when Y is N, thenX is not S;

X is S, O, CH=CH, N=CH, or CH=N;

20 whenX is S, then Y is not N;

Z is H, OR, NHR, or NRR;

ZM
is O, S, NH, NHR, or N=N;

W 1

is H, halo, hydroxyl, (d.C6)alkyl, or (Ci.C6)aIkoxy;

the dotted line in ring B is an optional double bond;

25 each R is independently H, (Ci-C2o)alkyl, (C2-C2o)alkenyl, (C2-

C2o)alkynyl, (C3-C2o)cycloalkyl, (Ci-Ci2)alkoxy, (C6-C30)aryl, heteroaryl,

heterocycle, (Ci-C20)alkylsulfoxy, (C6-C3o)arylsulfoxy, heteroarylsulfoxy,

8
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(Ci-C2o)alkylsulfonyl, (C6-C30)arylsulfonyl, heteroarylsulfonyl,

(Ci-C2o)alkylsulfinyl, (C6-C30)arylsulfinyl, heteroarylsulfinyl,

(Ci-C2o)alkoxycarbonyl, amino, NH(CrC6)alkyl, N((Ci-C6)alkyl)2 ,

tri(Ci-C2o)ammonium(CrC2o)alkyl, heteroaryl(Ci-C2o)alkyl, heteroaryl having

5 quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen,

(C6-C3o)arylthio, (CrC2o)alkylphosphate, (Ci-C2o)alkylphosphonate,

(C6-C3o)arylphosphate, (C6-C3o)arylphosphonate, phosphate, sulfate, saccharide,

or M* optionally when Z" is oxygen, wherein M is an alkali metal;

or when Z or Z' is NR*Rl

, R'R
1

together with the N to which they are

1 0 attached forms a heteroaryl or heterocycle group;

wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

substituents selected from (Ci-C2o)alkyl, (C2-C2o)alkenyl, (C2-C2o)alkynyl,

(C3-C2o)cycloalkyl, (Ci-C2o)alkoxyl, (Ci-C2o)alkylcarbonyl,

1 5 (C I-C2o)alkylcarboxyl, halo, hydroxyl, -COORx
, -S02Rx

, -S03Rx
,
nitro, amino,

(Ci-C2o)alkyl-S(0)-, (Ci-C20)alkyl-SO2-, phosphate, (Ci-C20)alkylphosphate,

(CrC20)alkylphosphonate, NH(Ci-C6)alkyl, NH(C 1-C6)alkynyl, N((C,-C6)alkyl)2 ,

N((Ci-C6)alkynyl)2,
mercapto, (C]-C20)alkylthio, (C6-C3o)aryl, (C6-C30)arylthio,

trifluoromethyl, =0, heteroaryl, and heterocycle, and each substituent is

20 optionally substituted with one to three R groups;

Rx
is H, (Ci-C6)alkyl, or (C6-C30)aryl;

A" is an anion, present when a quaternary nitrogen is present;

or a salt thereof;

provided that:

25 when rings A and B form a naphthalene or quinoline ring system, then

W !

is not hydrogen;

when a ring A substituent is OH, then -Q-ZM-R is not -C(0)-NH-NH2 ;

when Y is N or CH and X is CH=CH and W 1

is H, then Z is not OH

attached to carbon-6 ofring A (carbon 6 as shown in Figure 1); and

30 when Y is N or CH and X is CH=CH and Z is H, thenW 1

is not OH

attached to carbon-6 of ring A.

9
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In another embodiment, the invention provides a compound of formula

II:

z

5 n
wherein

Z and Z1

are independently OR 1

, NHR1

, or NR*R
]

;

Z" is O, S, NH, NHR, or N=N;

Q is carbonyl or CH2;

10 W 1

is H, halo, (CNC6)alkyl, (C2.C2o)alkenyl, hydroxyl, or (C|_C6)alkoxy;

or

W l

and Z are both keto groups on ring A, and at least one of the dotted

lines denoting optional double bonds in ring A is absent;

eachW2
is independently H, halo, (Ci_C6)alkyl, (C2-C4)alkenyl, hydroxyl,

15 or(Ci.C6)alkoxy;

each ofK 1

, K2
,
K3

, and K4
are independently CH, N, N-oxide, or

N-(Ci-C6)alkyl, and the dotted lines between K1

and K2
, and K3

and K4
,
denote

optional double bonds;

A' and B' are optional aromatic rings fused to ring A, only one of which

20 is present in the compound, so as to form a fused tricyclic system; and

when B' is present, the group Z is present, and

when A' is present, the group Z is absent; and

R is H, (C
l
-C20)alkyl, (C2-C2o)alkenyl, (CrC2o)alkynyl,

(C3-C20)cycloalkyl, (C|-Ci 2)alkoxy, (C6-C3o)aryl, heteroaryl, heterocycle,

25 (C\-C20)alkylsulfoxy, (C6-C30)arylsulfoxy, heteroarylsulfoxy,

(Ci-C20)alkoxycarbonyl, amino, NH(Ci-C6)alkyl, N((CrC6)alkyl)2 ,

10
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tri(CrC2o)ammonium(Ci-C2o)alkyl, heteroaryl(CrC2o)alkyl, heteroaryl having

quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen, saccharide,

or optionally when Z" is oxygen, whereinM is an alkali metal;

R1

is (C6-C3o)aryl, heteroaryl, heterocycle, (Ci-C20)alkylthio,

5 (Ci-C2o)alkyi-S(0)-, (CrC2o)alkyl-S02 ,
-S03(CrC2o)alkyl, saccharide,

(Ci-C2o)alkylphosphate, (CrC2o)alkylphosphonate, (C6-C30)arylthio,

(C6-C3o)aryl-S(0)-, (C6-C30)aryl-SO2 ,
-SO3(C6-C30)aryl, (C6-C30)arylphosphate,

(C6-C30)arylphosphonate, or R 1

is (Ci-C20)alkyl substituted by R2
;

R2
is (C2-C20)alkenyl, (Q-C^alkynyl, (C3-C20)cycloalkyl,

10 (CrC20)alkoxyl, (C,-C20)alkylcarbonyl, (CrC20)alkylcarboxyl,

hydroxyl, -COORx
, -S03Rx

, (Ci-C20)alkylthio, (C6-C30)arylthio, (CrC20)alkyl-

S(O)-, (CrC20)alkyl-SO2-, nitro, amino, NH(CrC6)alkyl, NH(CrC6)alkynyl,

N((Ci-C6)alkyl)2 ,
orN((CrC6)alkynyl)2 ,

mercapto, saccharide, or

trifluoromethyl;

1 5 or when Z or Zf

is NR*R l

, R l

R* together with the N to which they are

attached forms a heteroaryl or heterocycle group;

wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

substituents selected from (CrC20)alkyl, (C2-C20)alkenyl, (C2-C2o)alkynyl,

20 (C3-C2o)cycloalkyl, (C {-C20)alkoxyl, (Cj -C20)alkylcarbonyl,

(Ci-C20)alkylcarboxyl, halo, hydroxyl, -COORx
,
-S02Rx

,
-S03Rx

,
(CrC20)alkyl-

S(O)-, (CrC20)alkyl-SO2-, phosphate, (C
J
-C20)alkylphosphate,

(CrC20)alkylphosphonate, nitro, amino, NH(Ci-C6)alkyl, NH(Cj-C6)alkynyl,

N((CrC6)alkyl)25 N((CrC6)alkynyl)2,
mercapto, (d-C^alkylthio, (C6-C30)aryl,

25 (C6-C30)arylthio, trifluoromethyl, =0, heteroaryl, and heterocycle, and each

substituent is optionally substituted with one to three R groups;

Rx isHor (C,-C6)alkyl;

when Z or Z' comprises a nitrogen moiety, a hydrogen of the Z or Z'

nitrogen moiety may be replaced by the group L, wherein L is an amino acid

30 radical, a peptide radical having up to 20 amino acid moieties, or any other small

molecule that is a substrate for a nonluciferase; with the proviso that when L is

an amino acid radical or a peptide radical, at least one ofW 1

or aW2
is not H;

11
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when Z is a hydroxyl group or a nitrogen moiety, H of the hydroxyl or

nitrogen moiety may be replaced by (HO)2P(0)-OCH2-, sulfo, -PO3H2, or by a

cephalosporanic acid attached to the group Z via a carbon chain ofone to about

12 carbon atoms; with the proviso that the sulfo or the -PO3H2 group is attached

5 to the hydroxyl oxygen via a (Ci-C6)alkylene group;

when Z or Z' is a hydroxyl group or a nitrogen moiety, or when Z"-R is a

hydroxyl group, one H of the hydroxyl or nitrogen moiety may be replaced by

the group L r

-linker, wherein L' is a group removable by an enzyme to free the

linker, and linker is a carbon chain that can self-cleave, optionally interrupted by

10 one or more nitrogen atoms, oxygen atoms, carbonyl groups, optionally

substituted aromatic rings, or peptide bonds,

linker is attached to V via an oxygen atom or an NH group at one

terminus of the linker and the other terminus of the linker forms an ether, ester,

or amide linkage with a group Z, Z', or Z"-R;

15 when Z is OR 1

, formula II is optionally a dimer connected at the two A

rings via linker comprising a (Ci-Ci2)alkyl diradicai that is optionally interrupted

by one to four O atoms, N atoms, or an optionally substituted aryl, heteroaryl, or

heterocycle group to form a bridge between the dimer of formula II, and the R 1

group of each Z group connecting the dimer of formula II is replaced by the

20 bridge;

provided that a saccharide is not directly attached to K3

;

A" is an anion, present when a quaternary nitrogen is present;

or a salt thereof.

In yet another embodiment, the invention provides a compound of

25 formula ELA:

z

z

A'

R

W1

12
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IIA

wherein

Zis OR ,

J
NHR ,,orNR ,R l

;

Z" is O, S, NH, NHR, or N=N;

5 W 1

is H, halo, hydroxyl, (Cj.C6)alkyl, or (Ci.C6)alkoxy;

R is H, (CrC20)alkyl, (C2-C20)alkenyl, (C2-C20)alkynyl>

(C3-C2o)cycloalkyl, (CrCi 2)alkoxy, (C6-C3o)aryl, heteroaryl, heterocycle,

(Ci-C2o)alkylsulfoxy, (C6-C30)arylsulfoxyJ
heteroarylsulfoxy,

(Ci-C20)alkoxycarbonyl, amino, NH(C|-C6)alkyl, N((Ci-C6)alkyl)2 ,

10 tri(CrC2o)ammonium(CrC20)alkyl, heteroaryl(CrC2o)alkyI, heteroaryl having

quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen, saccharide,

or M* optionally when Z" is oxygen, wherein M is an alkali metal;

R 1

is (C6-C30)aryl, heteroaryl, heterocycle, (CrC2o)alkylthio,

(CrC20)alkyl-S(O)-, (CrC20)alkyl-SO2 ,
-SO3(C,-C20)alkyl, saccharide,

15 (Cj -C20)alkylphosphate, (Ci-C20)alkylphosphonate, (C6-C3o)arylthio,

(C6-C30)aryl-S(O)-, (C6-C30)aryl-SO2 ,
-S03(C6-C3o)aryl, (C6-C30)arylphosphate,

(C6-C3o)arylphosphonate, or R 1

is (Ci-C20)alkyl substituted byR2
;

R2
is (C2-C20)alkenyl, (C2-C20)alkynyl, (C3-C20)cycloalkyl,

(Ci-C2o)alkoxyl, (Ci-C2o)alkylcarbonyl, (Ci-C2o)alkylcarboxyl,

20 hydroxyl, -COORx
,
-S03R\ (Ci-C20)alkylthio, (C6-C30)arylthio, (CrC20)alkyl-

S(0)-, (CrC20)alkyl-SO2-, nitro, amino, NH(Ci-C6)alkyl, NH(Ci-C6)alkynyl,

N((CrC6)alkyl)2 ,
orN((Q-C6)alkynyl)2 ,

mercapto, saccharide, or

trifluoromethyl;

or when Z or Z' is NR'R 1

, R'R
1

together with the N to which they are

25 attached forms a heteroaryl or heterocycle group;

wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

substituents selected from (CpC^Oalkyl, (C2-C20)alkenyl, (C2-C2o)alkynyl,

(C3-C20)cycloalkyl, (Ci~C2o)alkoxyl, (Ci-C20)alkylcarbonyl,

30
.
(CrC20)alkylcarboxyl, halo, hydroxyl, -COORx

,
-S02Rx

,
-S03R

x
,
(CrC20)alkyl-

S(O)-, (Ci-C20)alkyl-SO2 -, phosphate, (Ci-C20)alkylphosphate,

(Ci-C2o)alkylphosphonate, nitro, amino, NH(CrC6)alkyl, NH(Ci-C6)alkynyl,

13



WO 2006/130551 PCTYUS2006/020731

N((CrC6)alkyl)2, N((Ci-C6)alkynyl)2j mercapto, (Ci-C20)alkylthio, (C6-C3o)aryl,

(C6-C3o)arylthio, trifluoromethyl, =0, heteroaryl, and heterocycle, and each

substituent is optionally substituted with one to three R groups;

Rx isHor(CrC6)alkyl;

5 when Z is OR 1

, formula HA is optionally a dimer connected at the two A

rings via linker comprising a (Ci-C|2)alkyl diradical that is optionally interrupted

by one to four O atoms, N atoms, or an optionally substituted aryl, heteroaryl, or

heterocycle group to form a bridge between the dimer of formula IIA, and the R 1

group of each Z group connecting the dimer of formula II is replaced by the

10 bridge;

provided that a saccharide is not directly attached to K3
;

A" is an anion, present when a quaternary nitrogen is present;

or a salt thereof.

Other deriviates and their use in luminogenic assays is described

15 hereinbelow.

The use of the luciferin derivatives described herein can result in an

assay which produces a measurable change in optical properties upon interaction

with a nonluciferase molecule, which interaction may alter the structure of the

luciferin derivative. As described herein, the product of a reaction between a

20 luciferin derivative and a nonluciferase enzyme or other molecule of interest

need not be D-luciferin or aminoluciferin. For example, a luciferin derivative

may include a substrate that includes a reactive chemical group for a

nonluciferase enzyme linked to luciferin or aminoluciferin via a chemical linker.

Transformation of the reactive chemical group of the derivative by the

25 nonluciferase enzyme may yield a product that contains (retains) a portion of the

substrate, a portion of the chemical linker, the chemical linker, or a portion of the

substrate and the chemical linker, and that product is a substrate for luciferase.

Also provided are luciferin derivatives which, after interaction with a

nonluciferase enzyme or other molecule, may yield a product that optionally

30 undergoes one or more further reactions, e.g., p-elimination, to yield a suitable

substrate for luciferase. Luciferin derivatives in which the backbone of luciferin

is further modified in its ring structure, e.g., a quinolyl or napthyl luciferin, are

14
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provided, as well as advantageously providing modifications at the carboxy

position of the thiazole ring, to provide improved characteristics to the luciferin

derivative. Derivatives with certain modifications provide for or improve assays

for certain nonluciferase enzymes or molecules. For instance, as described

5 hereinbelow, a pH insensitive derivative of luciferin was identified that is useful

in biological assays that may be run at a pH other than physiological pH, i.e.,

less than about pH 7.0 and greater than about pH 7.8. Thus, bioluminescent

methods that employ a luciferin derivative of the invention may be used to detect

one or more molecules, e.g., an enzyme, a cofactor for an enzymatic reaction

10 such as ATP, an enzyme substrate, an enzyme inhibitor, an enzyme activator, or

OH radicals, or one or more conditions, e.g., redox conditions.

In one embodiment, the methods employ a compound of formula III:

15

20

A*

m
wherein

Y is N, N-oxide, N-(C,-C6)alkyl, or CH;

X is S, O, CH=CH, N=CH, or CH=N;

Z and Z' are independently H, OR, NHR, or NRR;

Z" isO, S, NH, NHR, or N=N;

Q is carbonyl or CH2 ;

W 1

is H, halo, (d_C6)alkyl, (C2.C2o)alkenyl, hydroxyl, or (Ci_C6)alkoxy;

or

W 1 andZ are both keto groups on ring A, and at least one of the dotted

25 lines denoting optional double bonds in ring A is absent;

15
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each W2
is independently H, halo, (C]-C6)alkyl, (C2.C4)alkenyl, hydroxyl,

or (CiX^alkoxy;

each ofK 1

, K
2

,
K3

, and K4
are independently CH, N, N-oxide, or

N-(Ci-C6)aIkyl, and the dotted lines between K 1

and K2
, and K3

and K4
, denote

5 optional double bonds;

A 1 and B' are optional aromatic rings fused to ring A, only one ofwhich

is present in the compound, so as to form a fused tricyclic system; and

when B' is present, the group Z is present, and

when A1

is present, the group Z is absent; and

10 the dotted line in ring B is an optional double bond;

each R is independently H, (Ci-C2o)alkyl, (C2-C2o)alkenyl, (C2
-

C20)alkynyl, (C3-C2o)cycloalkyl, (Ci-Ci 2)alkoxy, (C6-C30)aryl, heteroaryl,

heterocycle, (Ci-C2o)alkylsulfoxy, (C6-C3o)arylsulfoxy, heteroaryisulfoxy,

(Ci-C20)alkylsulfonyl, (C6-C30)arylsulfonyl, heteroarylsulfonyl,

15 (C
i
-C2o)alkylsulfinyl, (C6-C3o)arylsulfinyl, heteroarylsulfinyl,

(Ci-C20)alkoxycarbonyl, amino, NH(Ci-C6)alkyl, N((C (
-C6)alkyl)2 ,

tri(Ci-C2o)ammomum(Ci-C20)alkyl, heteroaryl(Ci-C2o)alkyl, heteroaryl having

quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen,

(C6-C3o)arylthio, (Ci-C2o)alkylphosphate, (CrC2o)alkylphosphonate,

20 (C6-C3o)arylphosphate, (C6-C3o)arylphosphonate, phosphate, sulfate, saccharide,

orM+
optionally when Z" is oxygen, whereinM is an alkali metal;

or when Z or Z' is NR !R\ R lRl

together with theN to which they are

attached forms a heteroaryl or heterocycle group;

wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

25 heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

substituents selected from (Ci-C2o)alkyl, (C2-C2o)alkenyl, (C2-C2o)alkynyl,

(C3-C2o)cycloalkyl, (CrC2o)alkoxyl, (Ci-C2o)alkylcarbonyl,

(Ci-C20)alkylcarboxyl, halo, hydroxyl, -COORx
, -S02Rx

, -S03R
x

,
nitro, amino,

(CrC20)alkyl-S(O)-, (Ci-C20)alkyl-SO2-, phosphate, (Ci-C20)alkylphosphate,

30 (Ci-C2o)alkylphosphonate, NH(CrC6)alkyl, NH(CrC6)alkynyl, N((Ci-C6)alkyl)2 ,

N((C
1
-C6)alkynyl)2 ,

mercapto, (C,-C20)alkylthio, (C6-C3o)aryl, (C6-C30)arylthio,

trifluoromethyl, =0, heteroaiyl, and heterocycle, and each substituent is

optionally substituted with one to three R groups;

16
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Rx
is H, (Ci-C6)alkyl, or (C6-C30)aryl;

when Z or Z' comprises a nitrogen moiety, one or both of the hydrogens

of the Z or Z' nitrogen moiety may be replaced by (Ci-C2o)alkyl or the group L,

wherein L is an amino acid radical, a peptide radical having up to 20 amino acid

5 moieties, or any other small molecule that is a substrate for a nonluciferase; with

the proviso that when L is an amino acid radical or a peptide radical, at least one

W2
isnotH;

when Z is a hydroxyl group or a nitrogen moiety, H of the hydroxyl or

nitrogen moiety may be replaced by (HO)2P(0)-OCH2-, sulfo, -PO3H2, or by a

10 cephalosporanic acid attached to the group Z via a carbon chain of one to about

12 carbon atoms; with the proviso that when ring B is a thiazole ring, the sulfo

or the -PO3H2 group is attached to the hydroxyl oxygen via a (C|-C6)alkylene

group;

when Z or Z' is a hydroxyl group or a nitrogen moiety, or when Z"-R is a

15 hydroxyl group, one H of the hydroxyl or nitrogen moiety may be replaced by

the group L'-linker, wherein L!

is a group removable by an enzyme to free the

linker, and linker is a carbon chain that can self-cleave, optionally interrupted by

one or more nitrogen atoms, oxygen atoms, carbonyl groups, optionally

substituted aromatic rings, or peptide bonds,

20 linker is attached to L' via an oxygen atom or an NH group at one

terminus of the linker and the other terminus of the linker forms an ether, ester,

or amide linkage with a group Z, Z', or Z"-R;

when Z is OR, formula III is optionally a dimer connected at the two A

rings via a linker comprising a (Q-C^alkyl diradical that is optionally

25 interrupted by one to four O atoms, N atoms, or an optionally substituted aryl,

heteroaryl, or heterocycle group to form a bridge between the dimer of formula

III, and the R group of each Z group connecting the dimer of formula HI is

replaced by the bridge;

A" is an anion, present when a quaternary nitrogen is present;

30 or a salt thereof;

provided that the compound of formula IE is not aminoluciferin that has been

modified to include a protease substrate via a peptide bond at the amino group

17



WO 2006/130551 PCT/US2006/020731

which optionally also has a protected carboxyl group at position 5 on ring C, or

any of hiciferin 6'-methyl ether, luciferin 6'-chloroethyl ether, 6'-deoxyluciferin,

6
,

-luciferin-4-trifluoromethyl benzylether, luciferin 6-phenylethylether, luciferin

6-geranyl ether, luciferin 6'-ethyl ether, 6-luciferin prenyl ether, 6'-luciferin 2-

5 picolinylether, 6'-luciferin 3-picolinylether, 6'-Iuciferin 4-picolinyl ether,

luciferin 6'-benzyl ether, D-luciferin-<9-P-galacto-pyranoside, D-luciferin-0-

sulfate, D-luciferin-O-phosphate, D-luciferyl-L-phenylalanine, and D-luciferyl-

L-A^-arginine; or not a substrate for one or more cytochrome P450 enzymes but

optionally may be a substrate for a non-cytochrome P450 enzyme.

10 In one embodiment, a bioluminescent assay method to detect one or more

nonluciferase enzymes is provided. The method includes contacting a sample

suspected ofhaving one or more nonluciferase enzymes, a substrate or a co-

factor for the reaction, with a corresponding reaction mixture that includes a

derivative of luciferin or a derivative of aminoluciferin that is a substrate for the

15 nonluciferase enzyme. In one embodiment, the derivative is one having a

modification in the benzene ring of D-luciferin that includes a recognition site

for the nonluciferase enzyme, e.g., for a monoamine oxidase. In another

embodiment, the derivative is one having a modification in the thiazole ring

(ring B) ofD-luciferin which derivative is a substrate for luciferase and

20 optionally a substrate for a nonluciferase enzyme. In another embodiment, the

derivative is one having a modification in the thiazole ring (ring C) of luciferin

that includes a recognition site for an enzyme of interest, e.g.,

acetylcholinesterase. In another embodiment, the derivative is one having a

modification to one of the rings that includes a recognition site for the enzyme of

25 interest, as well as a further modification to that ring or one or more of the other

rings.

Previously, enzymes that could be tested with luciferin derivatives were

those that interacted well close to aromatic structures (D-luciferin or

aminoluciferin) and interacted with a recognition site (substrate) that was stable

30 close to aromatic structures. As described herein, luciferin derivatives that are

substrates for nonluciferase enzymes that do not necessarily react with structures

close to aromatic rings or those with recognition sites that are more stable when

18
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attached to an aryl chain than an aromatic structure, were identified. For

example, an assay which employed previously described luciferin derivatives

with a phosphate group attached through the hydroxyl group on the benzene ring,

i.e., a substrate for alkaline phosphatase, was limited by high background

5 because the phosphate spontaneously hydrolyzed. Attaching the phosphate to an

aryl chain is likely stabilizing, which may allow for a derivative that is a

substrate for alkaline phosphatase and may reduce the background. Thus, the

sensitivity and utility of a phosphatase assay such as an alkaline phosphatase

assay is increased employing a luciferin derivative of the invention.

10 Generally, luciferase substrates have a free hydroxyl (luciferin) or free

amino group (amino luciferin) on the benzene ring. Alternate backbones for

luciferin, like quinolinyl luciferin or napthyl luciferin, with free hydroxyl or free

amino groups, are luciferase substrates. To expand the scaffolding upon which

modifications can be made to luciferin and result in a luciferase substrate,

1 5 luciferin derivatives with aryl or other chains attached through the oxygen or

nitrogen on the A ring of luciferin were prepared. Derivatives with nitrogen on

the A ring were utilized by beetle luciferase to generate bright luminescence.

Moreover, HPLC verified that luciferin derivatives with aryl or alkyl chains

decreased in concentration when acted upon by a thermostable luciferase (as

20 opposed to wild-type luciferin contamination causing the light and decreasing in

concentration). Such luciferin derivatives are also shown herein to be utilized by

other luciferases. Moreover, those scaffolds, e.g., luciferase substrates that have

groups attached through the oxygen or nitrogen on the A ring of luciferin, may

be modified to include a substrate for an enzyme, a binding site for another

25 molecule, or any reactive group useful to measure a molecule such as a cellular

bioactive molecule, including second messengers, e.g., a cAMP binding site, for

instance, to measure cAMP, calmodulin, e.g., to measure calcium, or to measure

EP3.

*"

In one embodiment, a method to detect luciferase employs a compound

30 of formula niA:
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O

z

inA

wherein

Y is N, N-oxide, N-(CrC6)alkyl, or CH;

5 X is S, O, CH=CH, N=CH, or CH=N;

Z is H, OR, NHR, or NRR;

Z" is O, S, NH, NHR, or N=N;

W 1

is H, halo, hydroxyl, (Ci.C6)alkyl, (C2-Ci 0)alkenyl, or (C l.C6)alkoxy;

W2
isH, F, or methyl;

10 the dotted line in ring B is an optional double bond;

eachR is independently H, (Ci~C2o)alkyl, (C2-C2o)alkenyl, (C2-

C2o)alkynyl, (C3-C2o)cycloalkyl, (Ci-Cu)alkoxy, (C6-C3o)aryl, heteroaryl,

heterocycle, (Ci-C2o)alkylsulfoxy, (C6-C3o)arylsulfoxy, heteroarylsulfoxy,

(Ci-C20)alkylsulfonyl, (C6-C3o)arylsulfonyl, heteroarylsulfonyl,

15 (Ci-C20)alkylsulfinyl, (C6-C3o)arylsulfinyl, heteroarylsulfinyl,

(CrC20)alkoxycarbonyl, amino, NH(CrC6)alkyl, N((Ci-C6)alkyl)2 ,

tri(Ci-C2o)ammonium(CrC2o)alkyl, heteroaryl(Ci-C20)alkyl, heteroaryl having

quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen,

(C6-C3o)arylthio, (Ci-C20)alkylphosphate, (CrC2o)alkylphosphonate,

20 (C6-C30)arylphosphate, (C6-C3o)arylphosphonate, phosphate, sulfate, saccharide,

or tyf optionally when Z" is oxygen, whereinM is an alkali metal;

or when Z or Zf

is NR^ 1

, R !

R* together with the N to which they are

attached forms a heteroaryl or heterocycle group;

wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

25 heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

substituents selected from (Ci-C2o)alkyl, (C2-C20)alkenyl, (C2-C20)alkynyl,

(C3-C20)cycloalkyl, (CrC20)alkoxyl, (CrC20)alkylcarbonyl,
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(Ci-C20)alkylcarboxyl, halo, hydroxyl, -COORx
,
-S02Rx

,
-S03Rx

,
nitro, amino,

(CrC2o)alkyl-S(Oh (CrC20)alkyl-SO2-, phosphate, (CrC20)alkylphosphate,

(CrC20)alkylphosphonate, NH(C 1 -C6)alkyl, NH^-Ca^lkynyl, N((CrC6)alkyl)2 ,

N((Ci-C6)alkynyl)2 ,
mercapto, (Ci-C20)alkylthio, (C6-C3o)aryl, (C6-C30)arylthio,

5 trifluoromethyl, =0, heteroaryl, and heterocycle, and each substituent is

optionally substituted with one to three R groups;

Rx
is H, (CrC6)alkyl, or (C6-C30)aryl;

when Z is OR, formula HI is optionally a dimer connected at the two A

rings via a linker comprising a (C[-Ci 2)alkyl diradical that is optionally

10 interrupted by one to fourO atoms, N atoms, an optionally substituted aryl,

heteroaryl, or heterocycle group, or a combination thereof, to form a bridge

between the dimer of formula DI, and the R group of each Z group connecting

the dimer of formula HI is replaced by the bridge;

A" is an anion, present when a quaternary nitrogen is present;

15 or salt thereof;

provided that the compound of formula EQ is not aminoluciferin that has been

modified to include a protease substrate via a peptide bond at the amino group

which optionally also has a protected carboxyl group at position 5 on ring C, or

any of luciferin 6'-methyl ether, luciferin 6'~chloroethyl ether, 6'-deoxyluciferin,

20 6
,

-luciferin-4-trifluoromethyl benzylether, luciferin 6'-phenylethylether, luciferin

6-geranyl ether, luciferin 6-ethyl ether, 6
f

-luciferin prenyl ether, 6'-luciferin 2-

picolinylether, 6-luciferin 3-picolinylether, 6-luciferin 4-picolinyl ether,

luciferin &-benzyl ether, D-luciferin-O-P-galacto-pyranoside, D-luciferin-O-

sulfate, D-luciferin-0-phosphate, D-luciferyl-L-phenylalanine, and D-luciferyl-

25 L-A^-arginine; or not a substrate for one or more cytochrome P450 enzymes but

optionally may be a substrate for a non-cytochrome P450 enzyme.

Furthermore, the inclusion of a thiol compound with a luciferin

derivative in a luciferase-mediated assay may effectively stabilize the

luminescence of the reaction, thereby providing for "glow" kinetics, i.e.,

30 luminescent intensity of the luciferase-mediated reaction is relatively constant

over time after addition of the derivative. Such compounds may be also be used
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in bioluminogenic assays monitoring the presence or activity of nonluciferase

enzymes or a nonenzymatic biological reaction.

For derivatives that function directly as a substrate for luciferase, as well

as optionally a substrate of a nonluciferase enzyme or other molecules, the

5 derivative may be employed to directly detect luciferase, or a co-factor, inhibitor,

or activator of the luciferase reaction. If the derivative is a prosubstrate for

luciferase, i.e., the product of a reaction between the derivative and the

nonluciferase enzyme is a substrate for luciferase, sequential or concurrent

reactions for the nonluciferase enzyme and the luciferase may be conducted. For

10 instance, an assay for a nonluciferase enzyme that includes a luciferin derivative

that is a prosubstrate for luciferase may be conducted in a single reaction vessel

and a beetle luciferase reaction mixture added to that vessel. In another

embodiment, a reaction mixture for an assay for a nonluciferase enzyme that

includes a luciferin derivative that is a prosubstrate for luciferin may be

1 5 conducted in a single reaction vessel and a portion of that reaction added to a

different vessel having a beetle luciferase reaction mixture. Alternatively, the

nonluciferase and luciferase reactions maybe conducted simultaneously in the

same vessel.

The invention thus provides in an embodiment a method to detect or

20 determine the presence or amount ofa molecule for a nonluciferase enzyme-

mediated reaction in a sample. The method includes contacting a sample, a first

reaction mixture for a nonluciferase enzyme-mediated reaction, and a derivative

of luciferin which is a substrate for the nonluciferase enzyme, so as to yield a

first mixture comprising a luminogenic product that is a substrate for a luciferase.

25 In one embodiment, the derivative is a compound of formula I. In another

embodiment, the derivative is a compound of formula II. At least a portion of

the first mixture is contacted with a second reaction mixture for a luciferase-

mediated reaction, so as to yield a second mixture. Then luminescence in the

second reaction is detected or determined, thereby detecting or determining the

30 presence or amount of a molecule for the nonluciferase enzyme-mediated

reaction in the sample, e.g., compared to a control. In one embodiment, the

derivative is a substrate for a transferase, e.g., glutathione S transferase (GST).

Exemplary derivatives useful to detect GST are shown in Figure 12. In some
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embodiments, a second nonluciferase enzyme may be used to further chemically

transform the product of the first nonluciferase enzyme-mediated reaction to

yield a substrate for a luciferase. For example, the sample, nonluciferase

reaction mixture or luciferase reaction mixture may include an esterase, or the

5 esterase may be added separately.

In one embodiment, derivatives of luciferin having an ester modification

are employed in methods of the invention, such as those to detect nonluciferase

enzymes including P450 enzymes or monoamine oxidases (MAOs), or other

enzymes such as flavin monoamine oxidases (FMOs), glutathione S transferases

10 (GSTs), phosphatases, e.g., alkaline phosphatases (AP), or sulfatases, as those

derivatives may have improved properties as a nonluciferase enzyme substrate.

In particular, as shown herein, the addition of an ester group at the carboxy

position of the thiazole ring of a luciferin derivative provided a substrate that

was recognized by two P450 enzymes, 2D6 and 2C19, that did not react with

1 5 previously described luciferin derivatives that are substrates of cytochrome P450

enzymes (see U.S. published application 20040171099).

In an alternate embodiment, a method to detect or determine the presence

or amount of a molecule for a first nonluciferase enzyme-mediated reaction in a

sample is provided wherein the method includes contacting a sample, a reaction

20 mixture for a nonluciferase-mediated enzyme reaction and a luciferase-mediated

reaction, and a derivative of luciferin which is a substrate for the nonluciferase

enzyme, yielding a mixture. A reaction between the nonluciferase enzyme and

the derivative yields a luminogenic product that is a substrate for the luciferase.

Luminescence in the mixture is detected or determined, thereby detecting or

25 determining the presence or amount of a molecule for the nonluciferase-

mediated reaction in the sample.

The invention also provides an embodiment directed to a method to

detect the presence or amount of a non-enzymatic molecule in a sample. The

method includes contacting a sample, a first reaction mixture for a nonenzyme-

30 mediated reaction and a derivative of luciferin which in the presence of the

molecule yields a luminogenic product that is a substrate for a luciferase, and

contacting a portion of the first reaction and a second reaction mixture for a

luciferase-mediated reaction, to yield a second reaction, then luminescence in the
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second reaction is detected or determined, thereby detecting or determining the

presence or amount of the molecule. For instance, a mixture is provided having

a sample, a first reaction mixture for a nonenzyme-mediated reaction and a

derivative of luciferin which in the presence of the molecule yields a a

5 luminogenic product that is a substrate for a beetle Iuciferase. At least a portion

of the first mixture and a second reaction mixture for a beetle Iuciferase-

mediated reaction are mixed, to yield a second mixture, and then luminescence

in the second mixture is detected or determined, thereby detecting or

determining the presence or amount of the molecule.

10 For the biolumingenic assays described herein which employ luciferin

derivatives with a lower background luminescence than D-hxciferin or

aminoluciferin, those assays can use lower amounts, e.g., because small changes

in luminescence can be detected, or higher amounts, e.g., in reactions that are

improved by increased amounts of substrate, of the derivative, and those

1 5 derivatives may have improved reactivity, e.g., with a nonluciferase enzyme. In

addition, for any of the bioluminogenic assays described herein, other reagents

may be added to reaction mixtures, including but not limited to those that inhibit

or prevent inactivation of iuciferase, or otherwise extend or enhance signal.

Also provided is a method to identity a modulator of a nonluciferase

20 enzyme-mediated reaction. The method includes contacting one or more agents,

a first reaction mixture for a nonluciferase enzyme-mediated reaction, and a

derivative of luciferin which is a substrate for the nonluciferase enzyme, so as to

yield a first mixture> or providing such a mixture. The first mixture in the

absence of the one or more agents includes a luminogenic product that is a

25 substrate for a beetle Iuciferase. At least a portion of the first mixture and a

second reaction mixture for a beetle luciferase-mediated reaction are mixed, so

as to yield a second mixture. Luminescence in the second mixture is compared

with a control mixture, thereby identifying whether one or more of the agents

modulates the nonluciferase enzyme-mediated reaction.

30 In a further embodiment of the present invention, luciferin derivatives

that retain activity directly as a substrate for Iuciferase may be utilized to

inactivate or inhibit the Iuciferase enzyme, e.g., by covalent modification thereof,

or as a competitive or noncompetitive inhibitor thereof. This embodiment
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provides a method to screen for compounds that prevent the inactivation of

luciferase. Also provided is a method to identify a modulator of a luciferase-

mediated reaction using a luciferin derivative of the present invention.

The invention further provides a fluorogenic method which employs a

5 derivative of a fluorophore that is modified to detect one or more molecules, e.g.,

an enzyme, a cofactor for an enzymatic reaction such as ATP, an enzyme

substrate, an enzyme inhibitor, an enzyme activator, or OH radicals, or one or

more conditions, e.g., redox conditions. The invention thus provides for

bioluminogenic and fluorogenic assays to detect the amount, activity or presence

10 of a molecule in a sample.

The invention also provides further embodiments directed to fluorogenic

assays and derivatives of fluorophores which are a substrate for a nonluciferase

nonproteolytic enzyme. Thus, a method to detect or determine the presence or

amount of a molecule for a nonprotease enzyme-mediated reaction in a sample

15 by a fluorescent method is provided. The method includes contacting a sample,

a first reaction mixture for a nonluciferase, nonproteolytic enzyme-mediated

reaction, and a derivative of a fluorophore which includes a substrate for the

enzyme, so as to yield a first mixture, wherein if the molecule is present in the

sample, the first mixture comprises a hydroxy fluorescent product. The

20 interaction between the enzyme and the derivative optionally produces an

iminium and/or aldehyde intermediate which optionally undergoes a noncatalytic

P-elimination to yield the hydroxy fluorescent product. Fluorescence in the

mixture is detected or determined, thereby detecting or determining the presence

or amount of a molecule for the nonprotease enzyme mediated reaction in the

25 sample. The invention also provides for methods of using fluorophore

derivatives of the invention to identify inhibitor, activators, substrates or co-

factors for enzymatic reactions.

The invention provides compositions or kits having one or more luciferin

derivatives and/or fluorophore derivatives of the invention. The kits may

30 optionally contain other reagents, e.g., enzyme, reaction mixtures, and the like.

The bioluminogenic reaction mixtures, compositions and kits of the invention

may optionally include an agent that slows the reaction rate, e.g., amino methyl
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benzothiazole (AMBT) or aminophenyl methyl benzothiazol (APMBT), see U.S.

published application 20040171099, yielding glow kinetics and/or an agent that

stabilizes light production, e.g., a thiol or coenzyme A.

5 Brief Description of the Figures

Figure 1. Numbering of ring atoms in the six membered ring ("A ring"

or
n
ring A"), five membered center ring ("B ring" or "ring B n

), and other five

membered ring (
MC ring" or "ring C") ofbeetle luciferin (D-luciferin).

Figure 2. Exemplary luciferin derivatives for enzymes.

10 Figure 3. Structure of S'-fluoroluciferin.

Figures 4A-B. Derivatives of luciferin useful as a redox sensor.

Figures 5A-B. Exemplary substrates.

Figure 6. Redox substrates.

Figures 7A-B. Other exemplary derivatives of luciferin.

15 Figure 8A. A graphical representation ofRLU for reactions containing

an esterase and a luciferin derivative, luciferin ethyl ester. 20 minute incubation

at 37°C.

Figure 8B. A graphical representation ofRLU for reactions containing

an aminoluciferin derivative (isopropyl urethane aminoluciferin methyl ester; 50

20 jiM), with and without esterase. 20 minute incubation at room temperature.

Figure 9. A graphical representation ofRLU for reactions containing an

esterase and a luciferin derivative, luciferin methyl ester. 20 minute incubation

at37°C.

Figure 10. A graphical representation ofRLU for reactions containing an

25 esterase and a luciferin derivative, D-luciferin picolinyl ester, 20 minute

incubation at 37°C.

Figure 1 1 . A graphical representation of derivatives of fluorogenic

derivatives useful as monoamine oxide (MAO) substrates.

Figures 12A-B. Luciferin derivatives useful to detect glutathione S

30 transferase (GST).

Figures 13A-D. A graphical representation of derivatives of luciferin

derivatives forMAO assays. The deriviative in Figure 13B was not utilized by

MAO.
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Figure 14. Derivatives of luciferin useful as flavin monooxygenase

(FMO) substrates.

Figure 15. Exemplary FMO substrates.

Figure 16. Exemplary AP substrates.

5 Figure 1 7. RLU for a series of luciferin derivatives and each of a panel

of P450 enzymes.

Figure 18. RLU for a series of luciferin derivatives and each of a panel

ofP450 enzymes.

Figure 19. Structures of exemplary derivatives useful to detect P450

10 enzymes.

Figure 20. A graphical representation ofCYP2D6 and CYP2C19 activity

against luciferin-ME.

Figure 21. A graphical representation ofP450 activities with luciferin-

ME methyl ester.

1 5 Figure 22. A graphical representation ofCYP2D6 activity with luciferin-

ME picolinyl ester with and without esterase. Reactions contained 1 pmol

CYP2D6.

Figure 23 . A graphical representation of CYP2C19 activity with

luciferin-H-picolinylester with and without esterase. Reactions contained 1

20 pmolCYP2C19.

Figure 24. A graphical representation ofRLU for reactions containing

one of a panel ofP450 enzymes and a luciferin derivative, D-luciferin ethyl ester

with a C ring modification. Reactions contained 1 pmol P450.

Figure 25. A graphical representation ofRLU for reactions containing

25 one of a panel ofP450 enzymes and a luciferin derivative, luciferin methyl ester

with a C ring modification. Reactions contained 1 pmol P450 or 5 pmol CYP19.

Figure 26. Graphical representation ofRLU for reactions containing one

of three P450 enzymes and luciferin-ME-ethylene glycol ester, with or without

esterase.

30 Figure 27A. A graphical representation ofRLU for an aminoluciferin

derivative (N-isopropylaminoluciferin) (50 p,M) in a luciferase reaction.
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Figure 27B. A graphical representation ofRLU for an aminoluciferin

derivative (dimethyl aminoluciferin; 100 fiM) and aminoluciferin (100 \iM) in a

luciferase reaction.

Figure 28. A graphical representation of signal to background ratio for a

5 reaction between 4',6' dimethyl ether luciferin and each of a panel of P450

enzymes. Reactions contained 1 pmol P450.

Figure 29. A graphical representation of signal background ratio for a

reaction between a luciferin derivative, (2-(6-methoxyquinolin-2-yl)-4,5-

dihydrothiazole-4-carboxylate) and each of a panel ofP450 enzymes. Reactions

10 contained 1 pmol P450.

Figure 30. A graphical representation ofRLU for reactions containing

one of a panel ofP450 enzymes and a luciferin derivative, 2-(7-methyoxy-

quinoxalin-2-yl)-4-5-dihydro-thiazole-4-carboxylic acid. Reactions contained 1

pmol P450.

15 Figure 3 1 . A graphical representation ofRLU for reactions containing

one of a panel ofP450 enzymes and a luciferin derivative, (N-((3-chloro-4-(2-

(dimethylamino)- 1-phenylpropoxy)benzyloxy)carbonyl)-6'-aminoluciferin)

.

Reactions contained 1 pmol P450 or 5 pmol CYP19.

Figure 32. A graphical representation ofRLU for reactions containing

20 one of a panel ofP450 enzymes and a luciferin derivative, luciferin 4-

piperidinemethyl ether. Reactions contained 1 pmol P450.

Figure 33. A graphical representation ofRLU for reactions containing

one of a panel ofP450 enzymes and a luciferin derivative, N-(2-

cWoroethoxycarbonyl)-aminoluciferin. Reactions contained 1 pmol P450.

25 Figure 34. A graphical representation ofRLU for reactions containing

one of a panel ofP450 enzymes and a luciferin derivative, 4'-(N,N-

dimethylamino)methyl-6XO-methyl) luciferin. Reactions contained 1 pmol

P450.

Figure 35. A graphical representation ofRLU for reactions containing

30 one of a panel of P450 enzymes and a luciferin derivative, 4-(N,N-

dimethylaminomethyl)-6-methoxyquinolyl luciferin. Reactions contained 1

pmol P450.
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Figure 36. A graphical representation ofRLU for reactions containing

one of a panel ofP450 enzymes and a luciferin derivative, luciferin 2-(l-

piperazine)ethyl ether. Reactions contained 1 pmol P450.

Figure 37A. A graphical representation ofRLU for reactions containing

5 one of a panel ofP450 enzymes and a luciferin derivative, /neto-N-methyl

picolinyl luciferin methyl ester. Reactions contained 1 pmol P450. A 30 minute

incubation at 37°C was followed by a 20 minute incubation at room temperature

with or without esterase in luciferin detection reagent.

Figure 37B. A graphical representation ofRLU for reactions containing

10 a luciferin derivative, /neta-N-methyl picolinyl luciferin methyl ester, with or

without esterase. 20 minute incubation at room temperature.

Figure 38. A graphical representation ofRLU for reactions containing

one of a panel ofP450 enzymes and a luciferin derivative, methamphetamine-

luciferin. Reactions contained 1 pmol P450.

1 5 Figure 39. A graphical representation ofRLU for reactions containing

one of a panel ofP450 enzymes and a luciferin derivative, N-isobutoxycarbonyl-

aminoluciferin. Reactions contained 1 pmol P450.

Figure 40. A graphical representation ofRLU for reactions containing

one of a panel of P450 enzymes and a luciferin derivative, luciferin-H methyl

20 ester and esterase. Reactions contained 1 pmol P450.

Figure 41. A graphical representation ofRLU for reactions containing

one of a panel ofP450 enzymes and a luciferin derivative, luciferin-ME ethylene

glycolester. Reactions contained 1 pmol P450, 5 pmol CYP19, or 40 y.g HLM.

Figure 42. A graphical representation ofRLU for reactions containing

25 one of a panel ofP450 enzymes and a luciferin derivative, methoxyquinolyl

luciferin methyl ester. Reactions contained 1 pmol P450.

Figure 43. A graphical representation ofRLU for reactions containing

one of a panel ofP450 enzymes and a luciferin derivative, 6'(o-

trifluoromethylbenzyloxy)-luciferin. 1 pmol P450 or 5 pmol CYP19.

30 Figure 44. A graphical representation ofRLU for reactions containing

one of a panel ofP450 enzymes and a luciferin derivative, frmethoxy-luciferin-

hydrazide. Reactions contain 1 pmol ofP450 or 5 pmol CYP19.
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Figure 45. A graphical representation ofRLU for reactions containing

one of a panel of P450 enzymes and a luciferin derivative, 6'-(3-((4-

phenylpiperizin-l-yl))methyl)benzyloxy)-luciferin. Reactions contained 1 pmol

P450 or 20 ugHLM.

5 Figure 46. A graphical representation ofRLU for reactions containing

one of a panel of P450 enzymes and a luciferin derivative, 6'-(2,4,6-

trimethylbenzyloxy)-luciferin. 1 pmol of P450 or 5 pmol CYP19.

Figure 47. A graphical representation ofRLU for reactions containing

one of a panel of P450 enzymes and a luciferin derivative, 6'(4-

10 chlorophenylthio)methoxyluciferin. Reactions contained 1 pmol of P450 or 5

pmol CYP19.

Figure 48. Inhibition of CYP3A4 activity by troleanomycin in a reaction

with luciferin-F5BE (6-(2,3,4,5,6 pentafluorobenzyloxy)-luciferin).

Figure 49. Inhbitition ofCYP3A4 activity by nifedipine in a reaction

15 with luciferin-PPX4FE (6
,

-(2,3,4,6-tetrafluoro-5-((4-phenylpiperazin-l-

yl)methyl)benzyloxy)-luciferin).

Figure 50. Inhibition of CYP3A4 activity by nifedipine in a reaction

with luciferin-PPXE (6H3-((4-phenylpiperazin-l-yl)methyl)benzyloxy)-luciferin.

Figure 51 . CYP3A4 activity in human hepatocytes hepatocytes after

20 treatment with rifampicin, ketoconazole, or rifampicin and ketoconazole, in a

reaction with luciferin-PPXE.

Figure 52. CYP3A4 activity in human hepatocytes after treatment with

rifampicin, ketoconazole, or rifampicin and ketoconazole, in a reaction with

luciferin-FsBE.

25 Figure 53. Luciferin derivatives which may be luciferase substrates: N-

isopropyl aminoluciferin bisethyl aminoluciferin; and benzylaminoluciferin.

Figure 54. Structures of derivatives of luciferin which may be a substrate

for different luciferases.

Figure 55. A graphical representation ofRLU for luciferin or 5-

30 fluoroluciferin in luciferase reactions at different pHs.

Figure 56. ATP titration of a 5' fluoroluciferin and luciferin.

Figure 57. ATP titration of a T fluoroluciferin.

Figure 58. Spectra ofvarious fluoroluciferins.
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Figure 59. pH titration of a T fluoroluciferin.

Figure 60. Luciferin derivatives useful as luciferase substrates and

scaffolds for luciferin derivatives useful as nonluciferase substrates.

5 Detailed Description of the Invention

I. Definitions

As used herein, the following tenns and expressions have the indicated

meanings. It will be appreciated that the compounds of the present invention

contain asymmetrically substituted carbon atoms, and maybe isolated in

10 optically active or racemic forms. It is well known in the art how to prepare

optically active forms, such as by resolution of racemic forms or by synthesis

from optically active starting materials. All chiral, diastereomeric, racemic

forms and all geometric isomeric forms of a structure are part of this invention.

Specific values listed below for radicals, substituents, and ranges, are for

1 5 illustration only; they do not exclude other defined values or other values within

defined ranges for the radicals and substituents.

As used herein, the term "substituted" is intended to indicate that one or

more (e.g., 1, 2, 3, 4, or 5; in some embodiments 1, 2, or 3; and in other

embodiments 1 or 2) hydrogens on the group indicated in the expression using

20 "substituted" is replaced with a selection from the indicated group(s), or with a

suitable group known to those of skill in the art, provided that the indicated

atom's normal valency is not exceeded, and that the substitution results in a

stable compound. Suitable indicated groups include, e.g., alkyl, alkenyl, alkynyl,

alkoxy, halo, haloalkyl, hydroxy, hydroxyalkyl, aryl, heteroaryl, heterocycle,

25 cycloalkyl, alkanoyl, alkoxycarbonyl, amino, alkylamino, dialkylamino,

trifluoromethylthio, difluoromethyl, acylamino, nitro, trifluoromethyl,

trifluoromethoxy, carboxy, carboxyalkyl, keto, thioxo, alkylthio, alkylsulfinyl,

alkylsulfonyl, arylsulfinyl, arylsulfonyl, heteroarylsulfinyl, heteroarylsulfonyl,

heterocyclesulfinyl, heterocyclesulfonyl, phosphate, sulfate, hydroxyl amine,

30 hydroxyl (alkyl)amine, and cyano. Additionally, the suitable indicated groups

can include, e.g., -X, -R, -O", -OR, -SR, -S", -NR2 , -NR3 ,

=NR, -CX3 ,
-CN, -OCN, -SCN, -N=O0, -NCS, -NO, -N02 ,

=N2 ,
-N3 ,

NC(=0)R, -C(=0)R, -C(=0)NRR -S(=0)2
0"
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,
-S(=0)2OH, -S(=0)2R, -OS(=0)2OR, -S(=0)2NR, -S(=0)R, OP(=0)02RR -

P(=0)02RR-P(=0)(0"

)2) -P(=0)(OH)a, -C(=0)R, -C(=0)X, -C(S)R, -C(0)OR, -C(0)0'

,
-C(S)OR, -C(0)SR, -C(S)SR, -C(0)NRR

5
-C(S)NRR, -C(NR)NRR, where each

5 X is independently a halogen ("halo"): F, Cl
}
Br, or I; and each R is

independently H, alkyl, aryl, heteroaryl, heterocycle, a protecting group or

prodrug moiety. As would be readily understood by one skilled in the art, when a

substituent is keto ( =0) or thioxo ( =S), or the like, then two hydrogen atoms on

the substituted atom are replaced.

10 "Stable compound" and "stable structure" are meant to indicate a

compound that is sufficiently robust to survive isolation to a useful degree of

purity from a reaction mixture. Only stable compounds are contemplated by and

claimed in the present invention, however, certain unstable compounds, for

example, those that cannot easily be isolated, can be employed in the methods

1 5 described herein.

One diastereomer may display superior properties or activity compared

with another. When required, separation of the racemic material can be achieved

by HPLC using a chiral column or by a resolution using a resolving agent such

as camphonic chloride as described by Thomas J. Tucker, et al., J. Med. Chem.

20 1994, 37, 2437-2444. A chiral compound may also be directly synthesized using

a chiral catalyst or a chiral ligand, e.g. Mark A. Huffman, et al., J. Org. Chem.

1995,60, 1590-1594.

As used herein, the term "alkyl" refers to a branched, unbranched, or

cyclic hydrocarbon having, for example, from 1 to 30 carbon atoms, and often 1

25 to 12, or 1 to about 6 carbon atoms. Examples include, but are not limited to,

methyl, ethyl, 1-propyl, 2-propyl, 1 -butyl, 2-methyl-l -propyl, 2-butyl, 2-methyl-

2-propyl 0-butyl), 1-pentyl, 2-pentyl, 3-pentyl, 2-methyl-2-butyl, 3-methyl-2-

butyl, 3-methyl-l -butyl, 2-methyl-l -butyl, 1-hexyl, 2-hexyl, 3-hexyl, 2-methyl-

2-pentyl, 3-methyl-2-pentyl, 4-methyl-2-pentyl, 3-methyl-3-pentyl, 2-methyl-3-

30 pentyl, 2,3-dimethyl-2-butyl, 3,3-dimethyl-2-butyl, hexyl, octyl, decyl, dodecyl,

and the like. The alkyl can be unsubstituted or substituted. The alkyl can also

be optionally partially or fully unsaturated. As such, the recitation of an alkyl

group includes both alkenyl and alkynyl groups. The alkyl can be a monovalent
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hydrocarbon radical, as described and exemplified above, or it can be a divalent

hydrocarbon radical (i.e., alkylene).

The term "alkenyl" refers to a monoradical branched or unbranched

partially unsaturated hydrocarbon chain (i.e. a carbon-carbon, sp
2
double bond).

5 In one embodiment, an alkenyl group can have from 2 to 10 carbon atoms, or 2

to 6 carbon atoms. In another embodiment, the alkenyl group has from 2 to 4

carbon atoms. Examples include, but are not limited to, ethylene or vinyl, allyl,

cyclopentenyl, 5-hexenyl, and the like. The alkenyl can be unsubstituted or

substituted.

10 The term "alkynyl" refers to a monoradical branched or unbranched

hydrocarbon chain, having a point of complete unsaturation (i.e. a carbon-carbon,

sp triple bond). In one embodiment, the alkynyl group can have from 2 to 10

carbon atoms, or 2 to 6 carbon atoms. In another embodiment, the alkynyl group

can have from 2 to 4 carbon atoms. This term is exemplified by groups such as

15 ethynyl, 1-propynyl, 2-propynyl, 1-butynyl, 2-butynyl, 3-butynyl, 1-hexynyl, 2-

hexynyl, 3-hexynyl, 1-octynyi, and the like. The alkynyl can be unsubstituted or

substituted.

The term "cycloalkyl" refers to cyclic alkyl groups of from 3 to 10 carbon

atoms having a single cyclic ring or multiple condensed rings. Such cycloalkyl

20 groups include, by way of example, single ring structures such as cyclopropyl,

cyclobutyl, cyclopentyl, cyclooctyl, and the like, or multiple ring structures such

as adamantanyl, and the like. The cycloalkyl can be unsubstituted or substituted.

The cycloalkyl group can be monovalent or divalent, and can be optionally

substituted as described above for alkyl groups. The cycloalkyl group can

25 optionally include one or more cites of unsaturation, for example, the cycloalkyl

group can include one or more carbon-carbon double bonds, such as, for example,

cyclohexene, 1,3-cyclohexadiene, 1,4-cyclohexadiene, and the like.

The term "alkoxy" refers to the group alkyl-O-, where alkyl is as defined

herein. In one embodiment, alkoxy groups include, e.g., methoxy, ethoxy,

30 «-propoxy, wa-propoxy, /z-butoxy, ter/-butoxy, .yec-butoxy, /z-pentoxy, /z-hexoxy,

1,2-dimethylbutoxy, and the like. The alkoxy can be unsubstituted or substituted.

As used herein, "aryl" refers to an aromatic hydrocarbon group derived

from the removal of one hydrogen atom from a single carbon atom of a parent
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aromatic ring system. The radical can be at a saturated or unsaturated carbon atom

ofthe parent ring system. The aryl group can have from 6 to 30 carbon atoms.

The aryl group can have a single ring (e.g., phenyl) or multiple condensed (fused)

rings, wherein at least one ring is aromatic (e.g., naphthyl, dihydrophenanthrenyl,

5 fluorenyl, or anthryl). Typical aryl groups include, but are not limited to, radicals

derived from benzene, naphthalene, anthracene, biphenyl, and the like. The aryl

can be unsubstituted or optionally substituted, as described above for alkyl

groups.

The term "halo" refers to fluoro, chloro, bromo, and iodo. Similarly, the

10 term "halogen" refers to fluorine, chlorine, bromine, and iodine.

The term "haloalkyl" refers to alkyl as defined herein substituted by 1 or

more halo groups as defined herein, which may be the same or different. In one

embodiment, the haloalkyl can be substituted with 1, 2, 3, 4, or 5 halo groups. In

another embodiment, the haloalkyl can by substituted with 1, 2, or 3 halo groups.

15 The term haloalkyl also include perfluoro-alkyl groups. Representative

haloalkyl groups include, by way of example, trifluoromethyl, 3-fluorododecyl,

12,12,12-trifluorododecyl, 2-bromooctyl, 3-bromo-6-chloroheptyl, 1H,1H-

perfluorooctyl, and the like. The haloalkyl can be optionally substituted as

described above for alkyl groups.

20 The term "heteroaryl" is defined herein as a monocyclic, bicyclic, or

tricyclic ring system containing one, two, or three aromatic rings and containing

at least one nitrogen, oxygen, or sulfur atom in an aromatic ring, and that can be

unsubstituted or substituted, for example, with one or more, and in particular one

to three, substituents, as described above in the definition of "substituted".

Typical heteroaryl groups contain 2-20 carbon atoms in addition to the one or

more hetoeroatoms. Examples of heteroaryl groups include, but are not limited

to, 2H-pyrrolyl, 3H-indolyl, 4H-quinolizinyl, acridinyl, benzo[b]thienyl,

benzothiazolyl, |3-carboIinyl, carbazolyl, chromenyl, cinnolinyl,

dibenzo[b,d]furanyl, furazanyl, furyl, imidazolyl; imidizolyl, indazolyl,

indolisinyl, indolyl, isobenzofuranyl, isoindolyl, isoquinolyl, isothiazolyl,

isoxazolyl, naphthyridinyl, oxazolyl, perimidinyl, phenanthridinyl,

phenanthrolinyl, phenarsazinyl, phenazinyl, phenothiazinyl, phenoxathirnyl,
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phenoxazinyl, phthalazinyl, pteridinyl, purinyl, pyranyl, pyrazinyl, pyrazolyl,

pyridazinyl, pyridyl, pyrimidinyl, pyrimidinyl, pyrrolyl, quinazolinyl, quinolyl,

quinoxalinyl, thiadiazolyl, thianthrenyl, thiazolyl, thienyl, triazolyl, tetrazolyl,

and xanthenyl. In one embodiment the term "heteroaryl" denotes a monocyclic

5 aromatic ring containing five or six ring atoms containing carbon and 1, 2, 3, or 4

heteroatoms independently selected from non-peroxide oxygen, sulfur, and N(Z)

wherein Z is absent or is H, O, alkyl, aryl, or (Ci-C6)alkylaryl. In another

embodiment heteroaryl denotes an ortho-fased bicyclic heterocycle of about

eight to ten ring atoms derived therefrom, particularly a benz-derivative or one

1 0 derived by fusing a propylene, trimethylene, or tetramethylene diradical thereto.

The term "heterocycle" refers to a saturated or partially unsaturated ring

system, containing at least one heteroatom selected from the group oxygen,

nitrogen, and sulfur, and optionally substituted with one or more groups as

defined herein under the term "substituted". A heterocycle can be a monocyclic,

15 bicyclic, or tricyclic group containing one or more heteroatoms. A heterocycle

group also can contain an oxo group (=0) or a thioxo (=S) group attached to the

ring. Non-limiting examples of heterocycle groups include

1,3-dihydrobenzofuran, 1,3-dioxolane, 1,4-dioxane, 1,4-dithiane, 2H-pyran, 2-

pyrazoline, 4/7-pyran, chromanyl, imidazolidinyl, imidazolinyl, indolinyl,

20 isochromanyl, isoindolinyl, morpholine, piperazinyl, piperidine, piperidyl,

pyrazolidine, pyrazolidinyl, pyrazolinyl, pyrrolidine, pyrroline, quinuclidine, and

thiomorpholine.

The term "heterocycle" can include, by way of example and not

limitation, a monoradical of the heterocycles described in Paquette, Leo A.;

25 Principles ofModern Heterocyclic Chemistry (W.A. Benjamin, New York,

1968), particularly Chapters 1, 3, 4, 6, 7, and 9; The Chemistry of Heterocyclic

Compounds, A Series of Monographs" (John Wiley & Sons, New York, 1950 to

present), in particular Volumes 13, 14, 16, 19, and 28; and/. Am. Chem. Soc.

1960, 52, 5566. In one embodiment, "heterocycle" includes a "carbocycle" as

30 defined herein, wherein one or more (e.g. 1, 2, 3, or 4) carbon atoms have been

replaced with a heteroatom (e.g. O, N, or S).

Examples of heterocycles, by way of example and not limitation, include,

dihydroypyridyl, tetrahydropyridyl (piperidyl), thiazolyl, tetrahydrothiophenyl,
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sulfur oxidized tetrahydrothiophenyl, pyrimidinyl, fiiranyl, thienyl, pyrrolyl,

pyrazolyl, piperidinyl, 4-piperidonyl, pyrrolidinyl, 2-pyrrolidonyl, pyrrolinyl,

tetrahydrofuranyl, tetrahydroquinolinyl, tetrahydroisoquinolinyl,

decahydroquinolinyl, octahydroisoquinolinyl, azocinyl, triazinyl, 6H-1,2,5-

5 thiadiazinyl, 2H,6H-1 ,5,2-dithiazinyl, thienyl, thianthrenyl, pyranyi,

isobenzofuranyl, chromenyl, xanthenyl, phenoxathinyl, 2H-pyrrolyl, isothiazolyi,

isoxazolyl, pyrazinyl, pyridazinyl, indolizinyl, isoindolyl, 3H-indolyl, 1H-

indazoly, purinyl, 4H-quinolizinyl, phthalazinyl, naphthyridinyl, quinoxalinyl,

quinazolinyl, cinnolinyi, pteridinyl, carbazolyl, P-carbolinyl, phenanthridinyl,

10 acridinyl, pyrimidinyl, phenanthrolinyl, phenazinyl, phenotbiazinyl, furazanyl,

phenoxazinyl, isochromanyl, chromanyl, imidazolidinyl, imidazolinyl,

pyrazolidinyl, pyrazolinyl, piperazinyl, indolinyl, isoindolinyl, quinuclidinyl,

morpholinyl, oxazolidinyl, benzotriazolyl, benzisoxazolyl, oxindolyl,

benzoxazolinyl, isatinoyl, and bis-tetrahydrofuranyi.

15 By way of example and not limitation, carbon bonded heterocycles are

bonded at position 2, 3, 4, 5, or 6 of a pyridine, position 3, 4, 5, or 6 of a

pyridazine, position 2, 4, 5, or 6 of a pyrimidine, position 2, 3, 5, or 6 of a

pyrazine, position 2, 3, 4, or 5 of a furan, tetrahydrofuran, thiofuran, thiophene,

pyrrole or tetrahydropyrrole, position 2, 4, or 5 of an oxazole, imidazole or

20 thiazole, position 3, 4, or 5 of an isoxazole, pyrazole, or isothiazole, position 2 or

3 ofan aziridine, position 2, 3, or 4 of an azetidine, position 2, 3, 4, 5, 6, 7, or 8

of a quinoline or position 1 , 3, 4, 5, 6, 7, or 8 of an isoquinoline. Carbon bonded

heterocycles include 2-pyridyl, 3-pyridyl, 4-pyridyl, 5-pyridyl, 6-pyridyl, 3-

pyridazinyl, 4-pyridazinyl, 5-pyridazinyl, 6-pyridazinyl, 2-pyrimidinyl, 4-

25 pyrimidinyl, 5-pyrimidinyl, 6-pyrimidinyl, 2-pyrazinyl, 3-pyrazinyl, 5 -pyrazinyl,

6-pyrazinyl, 2-thiazolyl, 4-thiazolyl, 5-thiazolyl, and the like.

By way of example and not limitation, nitrogen bonded heterocycles can

be bonded at position 1 of an aziridine, azetidine, pyrrole, pyrrolidine, 2-

pyrroline, 3-pyrroline, imidazole, imidazolidine, 2-imidazoline, 3-imidazoline,

30 pyrazole, pyrazoline, 2-pyrazoline, 3-pyrazoline, piperidine, piperazine, indole,

indoline, lH-indazole, position 2 of a isoindole, or isoindoline, position 4 of a

morpholine, and position 9 of a carbazole, or P-carboline. In one embodiment,

nitrogen bonded heterocycles include 1-aziridyl, 1-azetedyl, 1 -pyrrolyl, l-
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imidazolyl, 1-pyrazolyl, and 1-piperidinyl.

The term "carbocycle" refers to a saturated, unsaturated or aromatic ring

having 3 to 8 carbon atoms as a monocycle, 7 to 12 carbon atoms as a bicycle,

and up to about 30 carbon atoms as a polycycle. Monocyclic carbocycles

5 typically have 3 to 6 ring atoms, still more typically 5 or 6 ring atoms. Bicyclic

carbocycles have 7 to 12 ring atoms, e.g., arranged as a bicyclo [4,5], [5,5], [5,6]

or [6,6] system, or 9 or 10 ring atoms arranged as a bicyclo [5,6] or [6,6] system.

Examples ofcarbocycles include cyclopropyl, cyclobutyl, cyclopentyl,

1-cyclopent-l-enyl, l-cyclopent-2-enyl, l-cyclopent-3-enyl, cyclohexyl, 1-

10 cyclohex-l-enyl, l-cyclohex-2-enyl, l-cyclohex-3-enyl, phenyl, spiryl and

naphthyl The carbocycle can be optionally substituted as described above for

alkyl groups.

The term "alkanoyl" or "alkylcarbonyl" refers to -C(=0)R, wherein R is

an alkyl group as previously defined.

1 5 The term "acyloxy" or "alkylcarboxy" refers to -O-C(=0)R, wherein R is

an alkyl group as previously defined. Examples of acyloxy groups include, but

are not limited to, acetoxy, propanoyloxy, butanoyloxy, and pentanoyloxy. Any

alkyl group as defined above can be used to form an acyloxy group.

The term "alkoxycarbonyl" refers to -C(=0)OR (or "COOR"), wherein R

20 is an alkyl group as previously defined.

The term "amino" refers to -NH2. The amino group can be optionally

substituted as defined herein for the term "substituted". The term "alkylamino"

refers to -NR2 , wherein at least one R is alkyl and the second R is alkyl or

hydrogen. The term "acylamino" refers to N(R)C(=0)R, wherein each R is

25 independently hydrogen, alkyl, or aryl

The term "amino acid," includes a residue of a natural amino acid (e.g.

Ala, Arg, Asn, Asp, Cys, Glu, Gin, Gly, His, Hyl, Hyp, lie, Leu, Lys, Met, Phe,

Pro, Ser, Thr, Trp, Tyr, and Val) in D or L form, as well as unnatural amino

acids (e.g. phosphoserine, phosphothreonine, phosphotyrosine, hydroxyproline,

30 gamma-carboxyglutamate; hippuric acid, octahydroindole-2-carboxylic acid,

statine, l,2,3,4,-tetrahydroisoquinoline-3-carboxylic acid, penicillamine,

ornithine, citruline, a-methyl-alanine, para-benzoylphenylalanine, phenylglycine,

propargylglycine, sarcosine, and tert-butylglycine). The term also comprises
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natural and unnatural amino acids bearing a conventional amino protecting

group (e.g. acetyl or benzyloxycarbonyl), as well as natural and unnatural amino

acids protected at the carboxy terminus (e.g. as a (Ci-C6)alkyl, phenyl or benzyl

ester or amide; or as an a-methylbenzyl amide). Other suitable amino and

5 carboxy protecting groups are known to those skilled in the art (See for example,

Greene, T.W.; Wutz, P.G.M. Protecting Groups In Organic Synthesis, 2
nd

edition,

John Wiley & Sons, Inc., New York (1991) and references cited therein).

The term "peptide" describes a sequence of 2 to 35 amino acids (e.g. as

defined hereinabove) or peptidyl residues. The sequence may be linear or cyclic.

10 For example, a cyclic peptide can be prepared or may result from the formation

of disulfide bridges between two cysteine residues in a sequence. Preferably a

peptide comprises 3 to 20, or 5 to 15 amino acids. Peptide derivatives can be

prepared as disclosed in U.S. Patent Numbers 4,612,302; 4,853,371; and

4,684,620, or as described in the Examples herein below. Peptide sequences

1 5 specifically recited herein are written with the amino terminus on the left and the

carboxy terminus on the right.

The term "saccharide" refers to a sugar or other carbohydrate, especially

a simple sugar. The saccharide can be a Ce-polyhydroxy compound, typically

C6-pentahydroxy, and often a cyclic glycal. The term includes the known simple

20 sugars and their derivatives, as well as polysaccharides with two or more

monosaccaride residues. The saccharide can include protecting groups on the

hydroxyl groups, as described above in the definition of amino acids. The

hydroxyl groups of the saccharide can be replaced with one or more halo or

amino groups. Additionally, one or more of the carbon atoms can be oxidized,

25 for example to keto or carboxyl groups.

The term "interrupted" indicates that another group is inserted between

two adjacent carbon atoms (and the hydrogen atoms to which they are attached

(e.g., methyl (CH3), methylene (CH2) or methine (CH))) of a particular carbon

chain being referred to in the expression using the term "interrupted, provided

30 that each of the indicated atoms' normal valency is not exceeded, and that the

interruption results in a stable compound. Suitable groups that can interrupt a

carbon chain include, e.g., with one or more non-peroxide oxy (-0-), thio (-S-),

imino (-N(H)-), methylene dioxy (-OCH20-), carbonyl (-C(=0)-), carboxy (-
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C(=0)O), carbonyldioxy (-OC(O)O-), carboxylato (-OC(=0)-), imine (C=NH),

sulfinyl (SO) and sulfonyl (SO2). Alkyl groups can be interrupted by one ore

more (e.g., 1, 2, 3, 4, 5, or about 6) of the aforementioned suitable groups. The

site of interruption can also be between a carbon atom of an alkyl group and a

5 carbon atom to which the alkyl group is attached.

As to any of the above groups, which contain one or more substituents, it

is understood, of course, that such groups do not contain any substitution or

substitution patterns that are sterically impractical and/or synthetically non-

feasible. In addition, the compounds of this invention include all stereochemical

10 isomers arising from the substitution of these compounds.

Selected substituents within the compounds described herein are present

to a recursive degree. In this context, "recursive substituent" means that a

substituent may recite another instance of itself. Because of the recursive nature

of such substituents, theoretically, a large number may be present in any given

15 claim. One of ordinary skill in the art of medicinal chemistry and organic

chemistry understands that the total number of such substituents is reasonably

limited by the desired properties of the compound intended. Such properties

include, by of example and not limitation, physical properties such as molecular

weight, solubility or log P, application properties such as activity against the

20 intended target, and practical properties such as ease of synthesis.

Recursive substituents are an intended aspect of the invention. One of

ordinary skill in the art ofmedicinal and organic chemistry understands the

versatility of such substituents. To the degree that recursive substituents are

present in an claim of the invention, the total number will be determined as set

25 forth above.

The term "linker" as used herein is a carbon chain that covalently

attaches two chemical groups together and optionally can self-cleave or if

covalently bonded to a substrate for an enzyme, may be cleaved by that enzyme

or another molecule, which chain is optionally interrupted by one or more

30 nitrogen atoms, oxygen atoms, carbonyl groups, (substituted)aromatic rings, or

peptide bonds.

The term "luciferase," unless specified otherwise, refers to a naturally

occurring or mutant luciferase. The luciferase, if naturally occurring, may be
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obtained easily by the skilled from an organism. If the luciferase is one that

occurs naturally or is a mutant, which retains activity in the luciferase-luciferin

reaction, of a naturally occurring luciferase, it can be obtained readily from a

culture of bacteria, yeast, mammalian cells, insect cells, plant cells, or the like,

5 transformed to express a cDNA encoding the luciferase, or from an in vitro cell-

free system for making the luciferase from a nucleic acid encoding same.

Luciferases are available from Promega Corporation, Madison, Wis.

As used herein, a "fluorophore" includes a molecule which is capable of

absorbing energy at a wavelength range and releasing energy at a wavelength

10 range other than the absorbance range. The term "excitation wavelength" refers

to the range of wavelengths at which a fluorophore absorbs energy. The term

"emission wavelength" refers to the range of wavelengths that the fluorophore

releases energy or fluoresces.

As used herein, a
£C
bioluminogenic assay" or "bioluminogenic reaction"

15 includes a reaction in which a product of a reaction between a nonluciferase

enzyme and a derivative of luciferin or aminoluciferin is a substrate for

luciferase or a product of a nonenzymatic reaction having a derivative of

luciferin or aminoluciferin is a substrate for luciferase, or a reaction between a

luciferase and a derivative of luciferin or aminoluciferin, is bioluminogenic, i.e.,

20 produces a measurable amount of light.

As used herein, "bioluminescence" is light produced as a result of a

reaction between an enzyme and a substrate that generates light. Examples of

such enzymes (bioluminescent enzymes) include firefly luciferase, click beetle

luciferase, Renilla luciferase, cypridina luciferase, Aequorin photoprotein, obelin

25 photoprotein and the like.

As used herein, a "bioluminogenic assay reagent" may include a

substrate, as well as a cofactor(s) or other molecule(s) such as a protein, e.g., an

enzyme, for a bioluminogenic reaction.

A "reaction mixture" may contain all reagents for a particular reaction, or

30 may lack at least one of the reagents for the reaction. For example, a luciferase

reaction mixture may contain reagents for the reaction except for a substrate for

the luciferase, e.g., a reaction mixture useful to determine whether a test sample

has a luciferase substrate. A reaction mixture for a nonluciferase enzyme may
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include all reagents for that reaction except for a molecule to be detected, e.g.,

the mixture contains all reagents except for a cofactor for the nonluciferase

enzyme, and so the mixture is useful to detect the presence of the cofactor in a

test sample.

5 As used herein a "derivative of luciferin" or a "derivative of

aminoluciferin" is a molecule that is a substrate for a nonluciferase enzyme and a

prosubstrate of a luciferase, a substrate for a luciferase, a substrate for a

nonluciferase enzyme and a substrate for a luciferase, or is useful to detect

molecules generated in nonenzymatic reactions. The derivatives of the invention

10 have one or more modifications to one or more of the three rings and/or

substituents attached to one or more of the rings of the D-luciferin or

aminoluciferin backbone (see Figure 1).

A "fluorogenic assay" or "fluorogenic reaction" includes a reaction in

which a product of a reaction between a nonluciferase, nonproteolytic enzyme

15 and a derivative of a fluorophore is fluorescent. A "fluorogenic assay reagent"

may include a substrate, as well as a cofactor(s) or other molecule(s) such as a

protein, e.g., an enzyme, for a fluorogenic reaction. Thus, the invention provides

a method to detect or determine the presence or amount of a molecule for a

nonprotease enzyme-mediated reaction in a sample.

20 II. Methods of the Invention

The invention provides a bioluminogenic or fluorogenic method which

employs a derivative of luciferin or aminoluciferin or a derivative of a

fluorophore to detect one or more molecules, e.g., an enzyme, a cofactor for an

enzymatic reaction such as ATP, an enzyme substrate, an enzyme inhibitor, an

25 enzyme activator, or OH radicals, or one or more conditions, e.g., redox

conditions. The invention thus provides for bioluminogenic and fluorogenic

assays to detect the amount, activity or presence of a molecule in a sample.

The methods may be used, for example, to determine the presence or

amount of at least one molecule, e.g., a nonluciferase enzyme, a regulator of a

30 nonluciferase enzyme, a nonluciferase enzyme substrate, and/or cofactors of the

reaction, or a condition in a sample including but not limited to an animal, e.g.,

vertebrate, physiological fluid, e.g., blood, plasma, urine, mucous secretions and

the like, a cell, cell lysate, cell supernatant, or purified fraction of a cell (e.g., a
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subcellular fraction). In one embodiment, the methods according to the present

invention provide a rapid method for detecting one or more molecules in a single

sample such as an aliquot of cells or a lysate thereof. In one embodiment, the

method includes quantifying the presence, amount or specific activity of a

5 molecule such as an enzyme, substrate or cofactor in a bioluminogenic assay or

quantifying the presence or amount of an enzyme, substrate or cofactor in a

fluorogenic assay. The intensity of the bioluminogenic or fluorogenic signal is a

function of the presence or amount of the respective molecule. In addition, the

reaction may contain one or more test agents, e.g., enzyme inhibitors or

10 activators, and/or different concentrations of inhibitors or activators. In one

embodiment, the method employs at least two different reactions, where the first

reaction is a nonluciferase enzyme-mediated reaction and the second reaction is

a beetle luciferase-mediated reaction. In another embodiment, the first reaction

is a nonenzymatic reaction and the second reaction is a beetle luciferase-

15 mediated reaction. In yet another embodiment, the method employs a single

reaction, e.g., a beetle luciferase-mediated reaction or a fluorogenic reaction.

Thus, a bioluminogenic assay may directly or indirectly detect, e.g.,

measure, the amount, presence or specific activity of, for example, a cofactor for

an enzyme-mediated reaction, an enzyme, an enzyme substrate, an inhibitor of

20 the enzyme, an activator of the enzyme, or a condition. For instance, in one

embodiment, a beetle luciferase and a derivative of luciferin that is a substrate of

the beetle luciferase may be employed in a bioluminogenic assay to detect ATP

concentration. In another embodiment, a derivative of luciferin which is a

substrate for a nonluciferase enzyme, for instance, a derivative which is a

25 substrate .of a monoamine oxidase, yields a product which is a substrate for a

beetle luciferase, and so may be employed in a bioluminogenic assay to detect

the oxidase. In one embodiment, the derivative is a prosubstrate of a beetle

luciferase, which yields a product that is a substrate of luciferase but does not

itself yield a substantial amount of light in a reaction with the beetle luciferase.

30 In some embodiments, the derivative is a substrate for a nonluciferase enzyme or

useful to detect another molecule, and a substrate for luciferase which yields a

substantial amount of light. In this embodiment, the derivative is altered by

luciferase but is generally inefficient in a light generating reaction.
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In one embodiment, the invention provides a bioluminescent assay

method to detect one or more nonluciferase enzymes. The method includes

contacting a sample suspected of having one or more nonluciferase enzymes, or

a substrate or a co-factor for the nonluciferase-mediated reaction, with a

5 corresponding reaction mixture that includes a derivative of luciferin or a

derivative of aminoluciferin that is a substrate for the nonluciferase enzyme. In

one embodiment, the derivative is one having a modification in the A ring of D-

luciferin that includes a recognition site for the nonluciferase enzyme, e.g., for a

phosphatase. In another embodiment, the derivative is one having a

10 modification in the B ring of D-Iuciferin which derivative is a substrate for

luciferase or a prosubstrate for Iuciferase. In another embodiment, the derivative

is one having a modification in the C ring of luciferin that includes a recognition

site for an enzyme of interest, e.g., acetylcholinesterase. In another embodiment,

the derivative is one having a modification in one of the rings that includes a

1 5 recognition site for the enzyme of interest, as well as a further modification in

that ring or one or more of the other rings.

For derivatives that are a substrate for luciferase, as well as optionally a

substrate of a nonluciferase enzyme or other molecules, the derivative may be

employed to detect luciferase, or a co-factor, inhibitor, or activator of the

20 luciferase reaction. If the derivative is a prosubstrate for luciferase, i.e., the

product of a reaction between the derivative and the nonluciferase enzyme is a

substrate for luciferase, sequential or concurrent reactions for the nonluciferase

enzyme and the luciferase may be conducted. For instance, a reaction for a

nonluciferase enzyme that contains the prosubstrate may be conducted in a

25 single well and a beetle luciferase reaction mixture added to that well. In

another embodiment, a reaction mixture for a nonluciferase enzyme that contains

the prosubstrate is conducted in a single well and a portion of that reaction added

to a different well having a beetle luciferase reaction mixture. Alternatively,

reactions may be conducted simultaneously in the same well.

30 The invention thus provides a method to detect or determine the presence

or amount of a molecule for a nonluciferase enzyme-mediated reaction in a

sample. The method includes contacting a sample, a first reaction mixture for a

nonluciferase enzyme-mediated reaction, and a derivative of luciferin which is a
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substrate for the nonluciferase enzyme, so as to yield a first mixture or providing

such a first mixture comprising a luminogenic product that is a substrate for a

luciferase, or providing such a first mixture. In one embodiment, the derivative

is a compound of formula I. In another embodiment, the derivative is a

5 compound of formula II. At least a portion of the first mixture is contacted with

a second reaction mixture for a beetle luciferase-mediated reaction, so as to yield

a second mixture. Then luminescence in the second mixture is detected or

determined, thereby detecting or determining the presence or amount of a

molecule for the nonluciferase enzyme-mediated reaction in the sample. In

10 some embodiments, the nonluciferase reaction mixture or luciferase reaction

mixture may include an esterase, e.g., if the product of the reaction between the

derivative and the nonluciferase enzyme has an ester group and that product is a

proluciferase substrate. The esterase may be included with the first reaction

mixture, added prior to initiation of the luciferase reaction mixture, or included

15 in the luciferase reaction mixture. In some embodiments, e.g., a derivative with

a picolinyl ester, the product of the reaction between the derivative and the

nonluciferase enzyme is a substrate for luciferase in the absence of an

exogenously added esterase. In one embodiment, derivatives of luciferin having

an ester modification are employed in methods of the invention, such as those to

20 detect nonluciferase enzymes including cytochrome P450 enzymes, as those

derivatives may have improved properties as a nonluciferase substrate.

Although not intending to be bound by any mechanism, the inclusion of the ester

modification at position 5 in ring C may block negative charges or add a

lipophilic quality to the derivative, rendering it an improved substrate.

25 Further provided is a method to detect or determine the presence or

amount of a molecule for a nonluciferase enzyme-mediated reaction in a sample.

The method includes contacting a sample, a reaction mixture for a nonluciferase-

mediated enzyme reaction and for a luciferase-mediated reaction, and a

derivative of luciferin which is a substrate for the nonluciferase enzyme, yielding

30 a mixture. A reaction between the nonluciferase enzyme and the derivative

yields a luminogenic product that is a substrate for the luciferase. In one

embodiment, the derivative is a compound of formula I. In another embodiment,

the derivative is a compound of formula II. Luminescence in the mixture is
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detected or determined, thereby detecting or determining the presence or amount

of a molecule for the nonluciferase-mediated reaction in the sample.

The invention further provides a method to detect or determine the

presence or amount of a molecule for a Iuciferase-mediated reaction in a sample.

5 The method includes contacting a sample, a reaction mixture for a beetle

luciferase, and a derivative of luciferin winch is a substrate for the luciferase, to

yield a reaction. The invention also provides a method to detect the

presence or amount of a molecule in a sample. The method includes contacting

a sample, a first reaction mixture for a nonenzyme-mediated reaction and a

10 derivative of luciferin which in the presence of the molecule yields a

luminogenic product that is a substrate for a luciferase, and then contacting at

least a portion of the first reaction and a second reaction mixture for a Iuciferase-

mediated reaction, to yield a second reaction. Luminescence in the second

reaction is detected or determined, thereby detecting or determining the presence

15 or amount of the molecule. For instance, a mixture is provided having a sample,

a first reaction mixture for a nonenzyme-mediated reaction and a derivative of

luciferin which in the presence of the molecule yields a a luminogenic product

that is a substrate for a beetle luciferase. At least a portion of the first mixture

and a second reaction mixture for a beetle Iuciferase-mediated reaction are

20 mixed, to yield a second mixture, and then luminescence in the second mixture is

detected or determined, thereby detecting or detennining the presence or amount

of the molecule.

For the biolumingenic assays described herein which employ luciferin

derivatives with a lower background, those assays can use lower (or higher)

25 amounts of the derivative, and those derivatives may have improved reactivity,

e.g., with a nonluciferase enzyme. In addition, for any of the bioluminogenic

assays described herein, other reagents may be added to reaction mixtures,

including but not limited to those that inhibit or prevent inactivation of luciferase,

or otherwise extend or enhance luminescent signal.

30 Also provided is a method to identify or measure the potency of a

modulator of a nonluciferase enzyme-mediated reaction. The method includes

contacting one or more agents, a first reaction mixture for a nonluciferase

enzyme-mediated reaction, and a derivative of luciferin which is a substrate for
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the nonluciferase enzyme, so as to yield a first mixture, or providing such a

mixture, wherein the derivative includes an A or B ring modification relative to

D-luciferin. The first mixture in the absence of the one or more agents includes

a luminogenic product that is a substrate for a beetle luciferase. At least a

5 portion of the first mixture and a second reaction mixture for a beetle luciferase-

mediated reaction are mixed, so as to yield a second mixture. Luminescence in

the second mixture is compared with a control mixture, thereby identifying

whether one or more of the agents modulates the nonluciferase enzyme-mediated

reaction and/or to what extent and with what potency.

10 In one embodiment of the invention, test compounds can be screened and

evaluated for their activities as substrates or cofactors of, or regulators, either

inhibitors or activators, of an enzymatic or nonenzymatic reaction by using the

luciferin and fluorophore derivatives of the present invention. A candidate

compound may be determined to be regulator or a substrate of a reaction by

1 5 contacting a reaction mixture with a derivative and the test compound, under

conditions that would, in the absence of the test compound, yield

bioluminescence, fluorescence, or a bioluminogenic product.

In one aspect of the invention, a method is provided to distinguish

between a substrate and an inhibitor of a reaction. For example, the compound is

20 incubated with at least one enzyme under conditions which allow for metabolism

of the compound prior to providing a luciferin derivative under conditions that,

in the absence of an inhibitor or substrate of the enzyme, would be suitable for

interaction between the luciferin derivative and the enzyme. In one embodiment,

the product of that reaction is a substrate of luciferase and in the presence of

25 luciferase yields a light emitting second reaction. The resulting light emitting

reaction is compared to the one obtained from contacting the enzyme with the

compound and the derivative, under conditions that would, in the absence of an

inhibitor of the enzyme, be suitable for interaction between the luciferin

derivative and the enzyme. Metabolism of the compound by the enzyme reduces

30 its concentration in the assay medium and may lead to an apparent loss of

inhibitory activity compared to conditions without metabolism of the compound

which would indicate it was a substrate for the enzyme. An inhibitory compound
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that was not metabolized would show equal potency, irrespective of the time of

addition of the substrate.

In one aspect of the invention, the compound is preferably contacted first

with the enzyme for a first predetermined time period. Thereafter, the mixture is

5 contacted with a luciferin derivative and bioluminescent enzyme, e.g., luciferase,

simultaneously or contemporaneously, and the mixture is allowed to incubate for

a second predetermined time period.

In another aspect of the invention, the compound is incubated with the

enzyme for a first predetermined time period to form a first mixture. Thereafter,

10 the first mixture is contacted with the luciferin derivative, to form a second

mixture that is allowed to incubate for a second predetermined time period. The

second mixture is then contacted with a bioluminescent enzyme, e.g., luciferase,

to form a third mixture, which is allowed to incubate for a third predetermined

time period. Thereafter, the activity resulting from the interaction of the enzyme

1 5 with the compound is determined by measuring luminescence during and/or after

the third predetermined time period relative to a control (e.g., no compound)

reaction. In this way, for example, mechanism based inhibitors of the first

enzyme can be identified and distinguished from nonmechanism based inhibitors

because the first incubation with the test compound but without the luciferin

20 derivative will lead to a more profound inhibition by a mechanism based

inhibitor than would be observed without the first incubation or substrates of the

first reaction will show reduced inhibition.

In another embodiment of the invention, a cell-based method is provided

for screening a compound to determine its effect on enzyme activity of the cell.

25 The test compound is contacted with a ceil having the enzyme, either naturally

or via recombinant expression, the luciferin derivative, and bioluminescent

enzyme, e.g., luciferase, or contacted with a cell having the enzyme and

luciferase, and the derivative, for a predetermined period of time. Thus, in one

embodiment, a cell that either transiently or stably expresses a recombinant

30 enzyme such as a bioluminescent enzyme, e.g., luciferase, may be employed.

Any conventional method for creating transient or stable transfected cells may be

used. In one embodiment, a luciferin derivative is contacted with and diffuses

into a cell and, if the appropriate molecule is present, yields a product, which is a
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substrate for luciferase. If a luciferase is present in the cell, luminescence can be

detected. Alternatively, in a cell which lacks luciferase, the product passes out

of the cell into the medium and that medium is added to a luciferase reaction

mixture. Thereafter, the activity resulting from the interaction of the cell with

5 the compound is determined by measuring luminescence of the reaction mixture

relative to a control (minus test compound) reaction mixture.

In one aspect of the invention, the compound is preferably contacted first

with the cell for a predetermined time period. Thereafter, the cell is contacted

with the luciferin derivative and luciferase simultaneously or contemporaneously

10 and the mixture allowed to incubate for a second predetermined time period.

Enzyme activity is determined by measuring the amount of luminescence

generated from the reaction mixture relative to a control reaction mixture (e.g.,

minus test compound). In another aspect of the invention, the test compound is

preferably contacted first with the cell for a predetermined time period.

15 Thereafter, the exposed cell is then contacted with the luciferin derivative and

incubated for a second predetermined time period. The cell is then contacted

with luciferase to form a third mixture which is allowed to incubate for a third

predetermined time period. Thereafter, the activity of the cell resulting from the

interaction of the cell with the test compound(s) is determined by measuring

20 luminescence of the reaction mixture relative to a control reaction mixture (e.g.,

minus test compound). Detergent addition can rupture the cells and release cell

content.

A cell-based luminescence detection assay for molecules present in the

cell medium, e.g., molecules which actively or via inactive mechanisms are

25 present in the cell medium, can include adding a reaction mixture with the

luciferin derivative to the cell medium, or adding the cell medium to a reaction

mixture with the luciferin derivative, and detecting luminescence.

In yet another embodiment of the cell-based assay of the invention, the

cells may be lysed in an appropriate lysis buffer. For animal cells, a buffer with

30 0.1-1.0% non-ionic detergents such as Triton X 100 or Tergitol is typically

sufficient. Bacteria, plant, fungal or yeast cells are usually more difficult to lyse.

Detergents, freeze/thaw cycles, hypotonic buffers, sonication, cavitation or

combinations of these methods may be used. The method of lysis that produces a

48



WO 2006/130551 PCT/US2006/020731

lysate is compatible with luciferase or other enzyme activity, or the detection of

other molecules or conditions.

The presence or activity of nonluciferase enzymes may be measured in

cells grown in culture medium or in cells within animals, e.g., living animals.

5 For measurements in cells in animals, a luciferin derivative may be administered

to the animal, e.g., injected into the animal or added to an aqueous solution, e.g.,

water, or food consumed by the animal. Conversion of the derivative to a

product that is a luciferase substrate may be detected by luminescence mediated

by luciferase expressed in cells in the animal, e.g., transgenic cells, by luciferase

10 administered to the animal, e.g., injected into the animal, or by collecting

physiological fluids, e.g., blood, plasma, urine, and the like, or tissue samples,

and combining those with a luciferase reagent.

In one embodiment, the derivative employed in the methods is not

aminoluciferin which is modified to include a protease substrate via a peptide

15 bond at the amino group which optionally also has a protected carboxyl group at

position 5 in the C ring, or any of luciferin 6' methyl ether, luciferin 6'

chloroethyl ether, 6' deoxyluciferin, 6' luciferin 4-trifluoromethyl benzylether,

luciferin & phenylethylether, luciferin G geranyl ether, luciferin 6' ethyl ether, 6'

luciferin prenyl ether, 6' luciferin 2-picolinylether, 6' luciferin 3-picolinylether,

20 6' luciferin 4-picolinyl ether, luciferin 6' benzyl ether, D-luciferin-0-p-

galactopyranoside, D-luciferin-O-sulfate, D4uciferin-0-phosphate, D-luciferyl-

L-phenylalanine, and D^uciferyl-L-A^-arginine. In one embodiment, the

derivative employed in the methods is not a luciferin derivative disclosed in U.S.

published application 20040171099, the disclosure ofwhich is incorporated by

25 reference herein.

Assays which employ two reactions may be conducted simultaneously

(one step) or sequentially (two step) to detect one or more moieties including

proteins (peptides or polypeptides), e.g., enzymes, substrates, cofactors,

inhibitors or activators for enzymatic reactions, or conditions, e.g., redox

30 conditions. A sequential reaction may be conducted in the same vessel, e.g., a

well of a multiwell plate. For a two step assay, the first reaction mixture may

contain all of the reagents or less than all of the reagents for a nonluciferase
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enzyme-mediated reaction, where one of the reagents that is absent is the one to

be detected in a sample, e.g., a cell lysate. For instance, a nonluciferase enzyme-

mediated reaction is performed under conditions effective to convert a luciferin

derivative that is a substrate for the nonluciferase and a prosubstrate of luciferase,

5 to a product that is a substrate of luciferase. The first reaction may be quenched

at the time, or prior to addition, of a luciferase reaction mixture. For instance, a

quencher of the first reaction may be present in the luciferase reaction mixture.

The luciferase reaction mixture preferably substantially lacks a substrate for the

luciferase, e.g., the only source of substrate for the luciferase is provided by a

10 reaction between the nonluciferase enzyme and the derivative. When all the

reagents for the first reaction are present in the first reaction mixture, the assay

may be employed to identify moieties that alter the reaction, e.g., inhibitors or

enhancers of the reaction. After performing the reactions, either simultaneously

or sequentially, the presence or amount of one or more molecules, or one or

1 5 more inhibitors or activators of the reaction(s) is/are detected or determined

and/or to what extent and with what potency.

For a one step assay, a reaction mixture may contain reagents for two

reactions, such as reagents for a nonluciferase enzyme-mediated reaction and a

luciferase-mediated reaction or for a nonenzymatic reaction and a luciferase-

20 mediated reaction, or a reaction mixture for a single reaction, e.g., for a reaction

between a derivative of a fluorophore which is a substrate for an enzyme and the

enzyme or a luciferase-mediated reaction, e.g., a luciferase is suspected in a

sample to be tested.

For assays which employ two reactions, the order of adding the

25 molecules for the assays can vary. If initiated and conducted sequentially

(whether in the same vessel or not), adjustments to reaction conditions, e.g.,

reagent concentration, temperatures or additional reagents, may be performed.

For instance, a quenching agent or enhancing agent may be added between

reactions (see, e.g., U.S. Patent Nos. 5,774,320 and 6,586,196, the disclosures of

30 which are specifically incorporated by reference herein). In one embodiment,

the two or more reactions are carried out simultaneously in a single reaction

mixture. Optionally, the assays are a homogeneous assay, e.g., the components
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are mixed prior to adding the mixture to the sample. Results may be read

without additional transfer of reagents.

The assays of the present invention thus allow the detection of one or

more molecules or conditions in a sample, e.g., a sample which includes

5 eukaryotic cells, e.g., yeast, avian, plant, insect or mammalian cells, including

but not limited to human, simian, murine, canine, bovine, equine, feline, ovine,

caprine or swine cells, or prokaryotic cells, or cells from two or more different

organisms, or cell lysates or supernatants thereof, or a sample which includes a

purified form of the molecule, e.g., purified nonluciferase enzyme which is

10 useful to prepare a standard curve. The cells may not have been genetically

modified via recombinant techniques (nonrecombinant cells), or may be

recombinant cells which are transiently transfected with recombinant DNA

and/or the genome ofwhich is stably augmented with a recombinant DNA, or

which genome has been modified to disrupt a gene, e.g., disrupt a promoter,

1 5 intron or open reading frame, or replace one DNA fragment with another. The

recombinant DNA or replacement DNA fragment may encode a molecule to be

detected by the methods of the invention, a moiety which alters the level or

activity of the molecule to be detected, and/or a gene product unrelated to the

molecule or moiety that alters the level or activity of the molecule.

20 The present methods can be employed to detect a molecule for an

enzyme-mediated reaction, a nonenzymatic-mediated reaction or condition. For

instance, molecules or conditions to be detected by the method include but are

not limited to enzymes, e.g., demethylases, oxidases (e.g., a MAO), deacetylases,

deformylases, proteases (proteosome, calpain, beta-secretase, cathepsin, calpain,

25 thrombin, granzyme B), phosphatases, kinases, peroxidases, transferases, e.g.,

GST, sulfotases, beta-lactamases, cytochrome P450 enzymes, esterase, e.g.,
-

acetylcholinesterase, dehydrogenase, luciferase, substrates, inhibitors, co-factors,

activators of enzyme mediated reactions, reactive oxygen species, reducing

conditions and transcriptional regulators or regulators of gene transcription. The

30 enzymes employed in the methods, either enzymes to be detected or enzymes

which are useful to detect a substrate or cofactor, can be selected from any

combination of enzymes including recombinant and endogenous (native)

enzymes. In one embodiment, the enzyme to be detected is an endogenous
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enzyme. In another embodiment, the enzyme is a recombinant enzyme. Other

combinations apparent to one of ordinary skill in the art can be used in the

present assays and methods according to the teachings herein. The enzymes

include but are not limited to proteases, phosphatases, peroxidases, sulfatases,

5 peptidases, oxidases, dealkylases, deformylases and glycosidases. The enzyme

maybe a hydrolase, oxidoreductase, lyase, transferase, e.g., glutathione S

transferase, isomerase, ligase, or synthase. Ofparticular interest are classes of

enzymes that have physiological significance. These enzymes include protein

peptidases, esterases, protein phosphatases, glycosylases, proteases,

10 dehydrogenases, oxidases, oxygenases, reductases, methylases and the like.

Exemplary cleavage sites for some proteases are set forth in Figure 2. Enzymes

of interest include those involved in making or hydrolyzing esters, both organic

and inorganic, glycosylating, and hydrolyzing amides. In any class, there may be

further subdivisions.

15 In particular, enzymes that are useful in the present invention include any

protein that exhibits enzymatic activity, e.g., lipases, phospholipases, sulphatases,

ureases, peptidases, proteases and esterases, including acid phosphatases,

glucosidases, glucuronidases, galactosidases, carboxylesterases, and luciferases.

In one embodiment, the enzyme is a hydrolytic enzyme. Examples of hydrolytic

20 enzymes include alkaline and acid phosphatases, esterases, decarboxylases,

phospholipase D, P-xylosidase, P-D-fucosidase, thioglucosidase, p-D-

galactosidase, a-D-galactosidase, a-D-glucosidase, P-D-glucosidase, P-D-

glucuronidase, ct-D-mannosidase, P-D-mannosidase, p-D-fructofuranosidase,

and P-D-glucosiduronase.

25 In one embodiment, the invention provides the use of a compound of

formula IE or HIA as described herein.

In one embodiment, an enzyme, for instance a nonproteolytic enzyme, is

detected using a substrate which is covalently linked to a fluorophore. In one

embodiment, the substrate includes a recognition site for the enzyme. In the

30 absence of the appropriate enzyme or cofactor, a mixture including such a

substrate generates minimal light at the emission wavelength as the fluorescent

properties of the fluorophore are quenched, e.g., by the proximity of the
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quenching group. In the presence of the appropriate enzyme, cleavage of the

conjugate yields the fluorophore.

m. Luciferin Derivatives

In one embodiment, derivatives of luciferin or aminoluciferin have the

5 following structure: L-X-M-Y-R (compound of formula IV), wherein L, if

present, may be a substrate for an enzyme or another molecule which interacts

with the enzyme; X may be O, NH, or a linker, e.g., a self-cleavable linker which

spontaneously cleaves to yield M-Y-R after L has been removed from L-X-M-Y-

R; M may be luciferin, quinolinyl luciferin or naphthyl luciferin (X = O), or

10 . aminoluciferin or aminoquinolinyl luciferin (X = NH); Y is O (ester), NH

(amide), NH-NH (hydrazide), or S (thioester); and R, if present, may be alkyl, an

aromatic molecule, a peptide, an oligonucleotide, or a self-cleavable linker

attached to a substrate for an enzyme. In one embodiment, the derivative may be

modified at L or R to include a substrate for an enzyme such as a P450 enzyme,

15 protease, MAO, FMO, or GST. In one embodiment, a derivative of the

invention is a substrate for luciferase, including 6-aminoquinolinyl luciferin,

which is a substrate of luciferase having substantial light output.

Bioluminescent substrates according to the present invention are

derivatives of luciferin or aminoluciferin, i.e., are luminescent substrates other

20 than luciferin or aminoluciferin, and include compounds having the general

formulas described below including, e.g., formulas I and II.

In one embodiment, the invention provides a compound of formula I:

71

I

25 wherein

Y is N, N-oxide, N-(C|-C6)alkyl, or CH;
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when Y is N, then X is not S;

X is S, O, CH=CH, N=CH, or CH=N;

when X is S, then Y is not N;

Z and Z* are independently H, OR, NHR, or NRJR;

5 Z" is O, S, NH, NHR, or N=N;

Q is carbonyl or CH2 ;

W 1

is H, halo, (CNC6)alkyl} (C2,C20)alkenyl, hydroxyl, or (Ci.C6)alkoxy;

or

W 1

and Z are both keto groups on ring A, and at least one of the dotted

10 lines denoting optional double bonds in ring A is absent;

eachW2
is independently H, halo, (C|.C6)alkyl, (C2.C4)alkenyl, hydroxyl,

or (Ci-C6)alkoxy;

each ofK1

, K2
,
K3

, and K4
are independentiy CH, N, N-oxide, or

N-(d-C6)alkyl, and the dotted lines between K 1

and K2
, and K3

and K4
,
denote

1 5 optional double bonds;

A' and B' are optional aromatic rings fused to ring A, only one of which

is present in the compound, so as to form a fused tricyclic system; and

when B' is present, the group Z is present, and

when A' is present, the group Z is absent; and

20 the dotted line in ring B is an optional double bond;

each R is independently H, (CrC20)alkyl, (C2-C2o)alkenyl, (C2
-

C20)alkynyl, (C3-C20)cycloalkyl, (CrC 12)alkoxy, (C6-C3o)aryl, heteroaryl,

heterocycle, (CrC20)alkylsulfoxy, (C6-C3o)arylsulfoxy, heteroarylsulfoxy,

(CrC20)aIkylsulfonyl, (C6-C3o)arylsulfonyl, heteroarylsulfonyl,

25 (CrC2o)alkylsulfmyl, (C6-C30)arylsulfinyl, heteroarylsulfinyl,

(Ci-C20)alkoxycarbonyl, amino, NH(C,-C6)alkyl, N((CrC6)alkyl)2,

tri(Ci-C20)ammonium(CrC2o)alkyl, heteroaryl(CrC2o)alkyl, heteroaryl having

quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen,

(C6-C30)arylthio, (Ci-C20)alkylphosphate, (C,-C20)alkylphosphonate,

30 (C6-C3o)arylphosphate, (C6-C30)arylphosphonate, phosphate, sulfate, saccharide,

orM4
" optionally when Z" is oxygen, whereinM is an alkali metal;

or when Z or Z' is NRlR !

, R^ 1

together with the N to which they are

attached forms a heteroaryl or heterocycle group;
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wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

substituents selected from (CrC2o)alkyl, (C2-C20)alkenyl, (C2-C20)alkynyl,

(C3-C20)cycloalkyl, (C|-C20)alkoxyl, (CrC20)alkylcarbonyl,

5 (Ci-C20)alkylcarboxyl 3
halo, hydroxyl, -COORx

, -S02R
x

,
-S03R

x
,
nitro, amino,

(CrC20)alkyl-S(O)-, (C l
-C20)alkyl-SO2- J

phosphate, (CrC20)alkylphosphate,

(CrC20)alkylphosphonate, NH(CrC6)alkyl, NH(CrC6)alkynyl, N((C,-C6)alkyl)2 ,

N((CrC6)alkynyl)2 ,
mercapto, (CrC20)alkylthio, (C6-C30)aryl, (C6-C30)arylthio,

trifluoromethyl, =0, heteroaryl, and heterocycle, and each substituent is

10 optionally substituted with one to three R groups;

Rx
is H, (CrC6)alkyl, or (C6-C30)aryl;

when Z or Z' comprises a nitrogen moiety, one or both of the hydrogens

of the Z or Z* nitrogen moiety may be replaced by (Ci-C20)alkyl or the group L,

wherein L is an amino acid radical, a peptide radical having up to 20 amino acid

1 5 moieties, or any other small molecule that is a substrate for a nonluciferase; with

the proviso that when L is an amino acid radical or a peptide radical, at least one

W2
is not H;

when Z is a hydroxyl group or a nitrogen moiety, H of the hydroxyl or

nitrogen moiety may be replaced by (HO^PCOJ-OCHr, sulfo, -PO^, or by a

20 cephalosporanic acid attached to the group Z via a carbon chain ofone to about

12 carbon atoms; with the proviso that when ring B is a thiazole ring, the sulfo

or the -P03H2 group is attached to the hydroxyl oxygen via a (Ci-C6)alkylene

group;
'

when Z or Z' is a hydroxyl group or a nitrogen moiety, or when Z"-R is a

25 hydroxyl group, one H of the hydroxyl or nitrogen moiety may be replaced by

the group L'-linker, wherein L' is a group removable by an enzyme to free the

linker, and linker is a carbon chain that can self-cleave, optionally interrupted by

one or more nitrogen atoms, oxygen atoms, carbonyl groups, optionally

substituted aromatic rings, or peptide bonds,

30 linker is attached to L' via an oxygen atom or anNH group at one

terminus of the linker and the other terminus of the linker forms an ether, ester,

or amide linkage with a group Z, Z\ or Z"-R;
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when Z is OR, formula I is optionally a dimer connected at the two A

rings via a linker comprising a (Ci-Ci2)alkyl diradical that is optionally

interrupted by one to four 0 atoms, N atoms, or an optionally substituted aryl,

heteroaryl, or heterocycle group to form a bridge between the dimer of formula I,

5 and the R group of each Z group connecting the dimer of formula I is replaced

by the bridge;

A" is an anion, present when a quaternary nitrogen is present;

or a salt thereof;

provided that:

10 when rings A and B form a naphthalene or quinoline ring system, then

W 1

is not hydrogen;

when a ring A substituent is OH, then -Q-Z"-R is not -C(0)-NH-NH2 ;

when Y is N or CH and X is CH=CH andW 1

is H, then Z is not OH

attached to K3
; and

1 5 whenY is N or CH and X is CH=CH and Z is H, thenW 1

is not OH

attached to K3
.

In another embodiment, the invention provides a compound of formula

IA:

O

20

IA

wherein

Y is N, N-oxide, N-(d-C6)alkyl, or CH;

whenY is N, then X is not S;

25 X is S, O, CH=CH, N=CH, or CH=N;

whenX is S, then Y is not N;

Zis H, OR, NHR, or NRR;
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Z" is O, S, NH, NHR, or N=N;

W 1

is H, halo, hydroxyl, (Ci,C6)alkyl, or (C,.C6)alkoxy;

the dotted line in ring B is an optional double bond;

each R is independently H, (C!-C2o)alkyl, (C2-C2o)alkenyl, (C2
-

5 C20)alkynyl, (CrC20)cycloalkyl, (Ci-Ci 2)alkoxy, (C6-C30)aryl 3
heteroaryl,

heterocycle, (Ci-C20)alkylsulfoxy, (C6-C3o)arylsulfoxy, heteroarylsulfoxy,

(CrC20)alkylsulfonyl, (C6-C30)arylsulfonyl, heteroaryisulfonyl,

(Ci-C2o)alkylsulfinyl s (C6-C30)arylsulfinyl, heteroarylsulfinyl,

(Ci-C20)alkoxycarbonyl, amino, NH(CrC6)alkyl, N((C,-C6)alkyl)2 ,

10 tri(Ci-C2o)ammonium(CrC2o)alkyl, heteroaryl(CrC20)alkyl 5
heteroaryl having

quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen,

(C6-C30)arylthio, (Ci-C20)alkylphosphate, (Ci-C20)alkylphosphonate,

(C6-C3o)arylphosphate, (C6-C3o)arylphosphonate, phosphate, sulfate, saccharide,

or M* optionally when Z" is oxygen, whereinM is an alkali metal;

15 or when Z or Z' is NR!R!

, R'R
1

together with theN to which they are

attached forms a heteroaryl or heterocycle group;

wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

substituents selected from (CrC20)alkyl, (C2-C20)alkenyl, (C2-C20)alkynyl,

20 (C3-C20)cycloalkyl, (Cj-C20)alkoxyl, (CrC20)alkylcarbonyl,

(C,-C20)alkylcarboxyl, halo, hydroxyl, -COORx
, -S02Rx

,
-S03Rx

, nitro, amino,

(Ci-C20)alkyl-S(O)-, (CrC20)alkyl-SO2-, phosphate, (CrC20)alkylphosphate,

(CrC20)alkylphosphonate, NH(CrC6)alkyl, NH(CrC6)alkynyl, N((C 1-C6)alkyl)2 ,

N((CrC6)alkynyl)2 ,
mercapto, (CrC20)alkylthio, (C6-C30)aryl, (C6-C30)arylthio,

25 trifluoromethyl, =0, heteroaryl, and heterocycle, and each substituent is

optionally substituted with one to three R groups;

Rx
is H, (CrC6)alkyl, or (C6-C30)aryl;

A" is an anion, present when a quaternary nitrogen is present;

or a salt thereof;

30 provided that:

when rings A and B form a naphthalene or quinoline ring system, then

W 1

is not hydrogen;
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when a ring A substituent is OH, then -Q-Z"-R is not -C(0)-NH-NH2 ;

whenY isN or CH and X is CH=CH andW l

is H, then Z is not OH

attached to caibon-6 of ring A; and

when Y is N or CH and X is CH=CH and Z is H, thenW 1

is not OH

5 attached to carbon-6 of ring A.

As illustrated by formulas I and IA, the core structure of rings A and B

can be a number of different ring systems. Modification of ring B allows the

core structure to include benzofiiran, benzothiophene, benzoxazole, naphthalene,

quinoline, isoquinoline, quinazoline, and quinoxyline ring systems, including the

10 corresponding N-oxide and N-alkyl derivatives. Ring B modification also

allows for access to N-oxide and N-alkyl derivatives of benzo[d]thiazole.

Furthermore, by substituting a carbon atom of ring A in formula I withN,

N-oxide, or N-alkyl (e.g., substituting one value ofK !

,
K2

,
K3

, or K4
for another

value), other ring systems can be obtained, such as 1,8-naphthyridine, 1,7-

15 naphthyridine, 1,6-naphthyridine, and 1,5-naphthyridine ring systems;

pyrido[3,2-b]pyrazine, pyrido[4,3-b]pyrazine, pyrido[3,4-b]pyrazine, and

pyrido[2,3-b]pyrazine ring systems; pyrido[2,3-d]pyrimidine, pyrido[3,4-

djpyrimidine, pyrido[4 J
3-d]pyrimidine, and pyrido[3,2-d]pyrimidine ring

systems; benzo[d]oxazole, oxazolo[4,5-b]pyridine, oxazolo[4,5-c]pyridine,

20 oxazolo[5,4-c]pyridine, and oxazolo[5,4~b]pyridine ring systems; and

thiazolo[4,5-b]pyridine, thiazolo[4,5-c]pyridine, thiazolo[5,4-c]pyridine, and

thiazolo[5,4-b]pyridine ring systems.

Formula I also illustrates that by substituting a second carbon atom of

ring A with N, N-oxide, or N-alkyl, the corresponding pyrazine, pyramiding and

25 pyridazine ring A analogs can be obtained for each of the above described ring

systems. The substitution of a third carbon atom in ring A of formula I with N,

N-oxide, or N-alkyl provides access to the corresponding 1,2,4-triazine ring

system derivatives.

Formulas I and IA further include the various dihydro, tetrahydro, and

30 hexahydro derivatives of each of its ring systems.

In another embodiment, the invention provides a compound of formula

H:
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n

wherein

Z and Z' are independently OR 1

,
NHR 1

, orNR !R !

;

5 Z" is O, S, NH, NHR, or N=N;

Q is carbonyl or CH2;

W 1

is H, halo, (C uC6)alkyl, (C2.C2o)alkenyl, hydroxyl, or (C,.C6)alkoxy;

or

W 1

and Z are both keto groups on ring A, and at least one of the dotted

10 lines denoting optional double bonds in ring A is absent;

eachW2
is independently H, halo, (Ci-C6)alkyl, (C2-C4)alkenyl, hydroxyl,

or (Ci-C6)alkoxy;

each ofK 1

, K2
, K3

, and K4
are independently CH, N, N-oxide, or

N-(C
I
-C6)alkyl, and the dotted lines betweenK1

and K2
, and K3

and K4
,
denote

1 5 optional double bonds;

A* and B r

are optional aromatic rings fused to ring A, only one of which

is present in the compound, so as to form a fused tricyclic system; and

when B !

is present, the group Z is present, and

when A' is present, the group Z is absent; and

20 R is H, (C,-C2o)alkyl, (C2-C20)alkenyl, (C2-C20)alkynyl,

(C3-C20)cycloalkyl, (CrCi 2)alkoxy, (C6-C3o)aryl, heteroaryl, heterocycle,

(C,-C20)alkylsulfoxy, (C6-C3o)arylsulfoxy, heteroarylsulfoxy,

(CrC20)alkoxycarbonyl, amino, NHCQ-C^alkyl, N((C 1
-C6)alkyl)2 ,

tri(CrC2o)ammonium(CrC2o)alkyl, heteroaryl(CrC2o)alkyl J
heteroaryl having

25 quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen, saccharide,

orM+
optionally when Z" is oxygen, whereinM is an alkali metal;
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Rl

is (C6-C3o)aryl, heteroaryl, heterocycle, (Ci-C2o)alkylthio >

(C,-C2o)alkyl-S(0)-, (C,-C2o)alkyl-S02 ,
-SO^Ci-C^alkyl, saccharide,

(Ci-C20)alkylphosphate, (CpC2o)alkylphosphonate, (C6-C3o)arylthio,

(C6-C3o)aryl-S(0)-, (C6-C30)aryl-SO2 ,
-SO3(C6-C30)aryI, (C6-C30)arylphosphate,

5 (C6-C3o)arylphosphonate, or R* is (Ci-C2o)alkyl substituted by R2
;

R2
is (C2-C20)alkenyl, (C2-C20)alkynyl, (C3-C2o)cycloalkyl,

(Ci-C20)alkoxyl, (CrC20)alkylcarbonyl, (CrC20)alkylcarboxyl,

hydroxyl, -COORx
,
-S03R\ (CrC20)alkylthio, (C6-C30)aiylthio, (CrC20)alkyl-

S(O)-, (CrC20)alkyl-SO2-, nitro, amino, NH(C|-C6)alkyl, NH(CrC6)alkynyl,

10 N((Ci-C6)alkyl)2 , or N((Ci -C6)alkynyl)2,
mercapto, saccharide, or

trifluoromethyl;

or when Z or Z' is NRlRl

, RXR [

together with theN to which they are

attached forms a heteroaryl or heterocycle group;

wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

15 heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

substituents selected from (CrC20)alkyl, (C2-C20)alkenyl, (C2-C20)alkynyl,

(C3-C2o)cycloalkyl, (Ci-C20)alkoxyl, (Ci-C20)alkylcarbonyl,

(C»-C20)alkylcarboxyl, halo, hydroxyl, -COORx
,
-S02R

x
,
-S03Rx

,
(CrC20)alkyl-

S(O)-, (CrC20)alkyl-SO2-, phosphate, (Ci-C20)alkylphosphate,

20 (CrC20)alkylphosphonate, nitro, amino, NH(CrC6)alkyl, NH(CrC6)alkynyl,

N((CrC6)alkyl)2 , N((Ci-C6)alkynyl)2 ,
mercapto, (Ci-C20)alkylthio, (C6-C30)aryl,

(C6-C3o)arylthio, trifluoromethyl, =0, heteroaryl, and heterocycle, and each

substituent is optionally substituted with one to three R groups;

Rx isHor(CrC6)alkyl;

25 when Z or Z! comprises a nitrogen moiety, a hydrogen of the Z or Z'

nitrogen moiety may be replaced by the group L, wherein L is an amino acid

radical, a peptide radical having up to 20 amino acid moieties, or any other small

molecule that is a substrate for a nonluciferase; with the proviso that when L is

an amino acid radical or a peptide radical, at least one ofW l

or aW2
is not H;

30 when Z is a hydroxyl group or a nitrogen moiety, H of the hydroxyl or

nitrogen moiety may be replaced by (HO)2P(0)-OCH2-, sulfo, -P03H2 , or by a

cephalosporanic acid attached to the group Z via a carbon chain of one to about
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12 carbon atoms; with the proviso that the sulfo or the -PO3H2 group is attached

to the hydroxyl oxygen via a (Ci-C6)alkylene group;

when Z or Z' is a hydroxyl group or a nitrogen moiety, or when Z"-R is a

hydroxyl group, one H of the hydroxyl or nitrogen moiety may be replaced by

5 the group L'-linker, wherein L' is a group removable by an enzyme to free the

linker, and linker is a carbon chain that can self-cleave, optionally interrupted by

one or more nitrogen atoms, oxygen atoms, carbonyl groups, optionally

substituted aromatic rings, or peptide bonds,

linker is attached to L!

via an oxygen atom or anNH group at one

1 0 terminus of the linker and the other terminus of the linker forms an ether, ester,

or amide linkage with a group Z, Z\ or Z"-R;

when Z is OR 1

, formula II is optionally a dimer connected at the two A

rings via linker comprising a (Ci-Ct2)alkyl diradical that is optionally interrupted

by one to four O atoms, N atoms, or an optionally substituted aryl, heteroaryl, or

15 heterocycle group to form a bridge between the dimer of formula II, and the R 1

group of each Z group connecting the dimer of formula II is replaced by the

bridge;

provided that a saccharide is not directly attached to K3
;

A" is an anion, present when a quaternary nitrogen is present;

20 or a salt thereof.

In yet another embodiment, the invention provides a compound of

formula HA:

O

Z

IIA

wherein

Zis OR I,NHR !,orNR1R 1

;
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Z" is O, S, NH, NHR, or N=N;

W l

is H, halo, hydroxyl, (Ci_C6)alkyl, or (CuC6)alkoxy;

R is H, (C|-C20)alkyl, (C2-C20)alkenyl, (C2-C20)alkynyl,

(C3-C2o)cycloalkyl, (Ci-Ci 2)alkoxy, (C6-C3o)aryl, heteroaryl, heterocycle,

5 (Ci-C2o)alkylsulfoxy, (C6-C3o)arylsulfoxy, heteroarylsulfoxy,

(Ci-C20)alkoxycarbonyl, amino, NH(CrC6)alkyl, N((Ci-C6)alkyl)2 ,

tri(CrC2o)ammonium(Ci-C2o)alkyl, heteroaryl(CpC2o)alkyl, heteroaryl having

quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen, saccharide,

or M* optionally when Z" is oxygen, whereinM is an alkali metal;

10 R1

is (C6-C3o)aryl, heteroaryl, heterocycle, (CrC20)alkylthio,

(CrC20)alkyl-S(O)-, (C|-C20)alkyl-SO2s -S03(Ci-C2o)alkyl, saccharide,

(C|-C2o)alkylphosphate, (Cj-C2o)alkylphosphonate, (C6-C3o)arylthio,

(C6-C30)aiyl~S(O)-, (C6-C3o)aryl-S02, -S03(C6-C3o)aryl, (C6-C30)arylphosphate,

(C6-C3o)arylphosphonate, or R 1

is (Ci-C2o)alkyl substituted by R2
;

15 R2
is (C2-C20)alkenyl, (C2-C20)aikynyl, (C3-C20)cycloalkyl,

(Ci-C2o)alkoxyl, (Ci-C2o)alkylcarbonyl, (Ci-C2o)alkylcarboxyl,

hydroxyl, -COORx
,
-S03R

x
, (Ci-C20)alkylthio, (C6-C30)arylthio, (Ci-C20)alkyl-

S(0)-, (Ci-C20)alkyl-SO2-, nitro, amino, NH(CrC6)alkyl, NH(Ci-C6)alkynyl,

N((Ci-C6)alkyl)2, or N((Ct-C6)alkynyl)2 ,
mercapto, saccharide, or

20 trifluoromethyl;

or when Z or Z' is NR !R !

, RlR ]

together with theN to which they are

attached forms a heteroaryl or heterocycle group;

wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

25 substituents selected from (CrC2o)alkyl, (C2-C2o)alkenyl, (C2-C2o)alkynyl,

(C3-C2o)cycloalkyl, (Ci-C2o)alkoxyl, (Ci-C2o)alkylcarbonyl,

(Ci-C20)alkylcarboxyl, halo, hydroxyl, -COORx
, -S02Rx

, -S03Rx
,
(CrC20)alkyl-

S(O)-, (CrC2o)alkyl-S02-, phosphate, (CrC20)alkylphosphate,

(Ci-C2o)alkylphosphonate, nitro, amino, NH(d-C6)alkyl, NH(Ci-C6)alkynyl,

30 N((C,-C6)alkyl)2, N((C,-C6)alkynyl)2 ,
mercapto, (CrC20)alkylthio, (C6-C30)aryl,

(C6-C3o)arylthio, trifluoromethyl, =0, heteroaryl, and heterocycle, and each

substituent is optionally substituted with one to three R groups;

Rx
isHor (C,-C6)alkyl;
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when Z is OR1

, formula IIA is optionally a dimer connected at the two A

rings via linker comprising a (Ci-Ci2)alkyl diradical that is optionally interrupted

by one to four O atoms, N atoms, or an optionally substituted aryl, heteroaryl, or

heterocycle group to form a bridge between the dimer of formula IIA, and the R l

5 group of each Z group connecting the dimer of formula II is replaced by the

bridge;

provided that a saccharide is not directly attached to K3

;

A" is an anion, present when a quaternary nitrogen is present;

or a salt thereof.

10 As illustrated by formulas II and IIA, the core structure of rings A and B

can also be a variety ofring systems. In addition to benzo[d]thiazole,

substituting a carbon atom of ring A of formula II with N, N-oxide, or N-alkyl

allows access to thiazolo[4,5-b]pyridine, thiazolo[4,5-c]pyridine, thiazolo[5,4-

cjpyridine, and thiazolo[5,4-b]pyridine ring systems, and their corresponding N-

1 5 oxides and N-alkyl derivatives.

Formula II also illustrates that by substituting a second carbon atom of

ring A withN, N-oxide, or N-alkyl, the corresponding pyrazine, pyramiding and

pyridazine ring A analogs can be obtained for each of the above described ring

systems. The substitution of a third carbon atom in ring A of formula II provides

20 access to the corresponding 1 ,2,4-triazine derivatives.

Formulas II and HA include the various dihydro and tetrahydro

derivatives ofeach of its ring systems.

All ring systems described above can be substituted as illustrated in the

formulas described herein, for example, formulas I and/or II. Each of the above-

25 described individual ring systems and their derivatives, substituted as described

in the formulas herein, are separate embodiments of the invention.

Other deriviates and their use in luminogenic assays is described

hereinbelow.

The use of the luciferin derivatives described herein can result in an

30 assay which produces a measurable change in optical properties upon interaction

with a nonluciferase molecule, which interaction may alter the structure of the

luciferin derivative. As described herein, the product of a reaction between a
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luciferin derivative and a nonluciferase enzyme or other molecule of interest

need not be D-luciferin or aminoluciferin. For example, a luciferin derivative

may include a substrate that includes a reactive chemical group for a

nonluciferase enzyme linked to luciferin or aminoluciferin via a chemical linker.

5 Transformation of the reactive chemical group of the derivative by the

nonluciferase enzyme may yield a product that contains (retains) a portion of the

substrate, a portion of the chemical linker, the chemical linker, or a portion of the

substrate and the chemical linker, and that product is a substrate for luciferase.

Also provided are luciferin derivatives which, after interaction with a

1 0 nonluciferase enzyme or other molecule, may yield a product that optionally

undergoes one or more further reactions, e.g., P-elimination, to yield a suitable

substrate for luciferase. Luciferin derivatives in which the backbone of luciferin

is further modified in its ring structure, e.g., a quinolyl or napthyl luciferin, are

provided, as well as advantageously providing modifications at the carboxy

15 position of the thiazole ring, to provide improved characteristics to the luciferin

derivative. Derivatives with certain modifications provide for or improve assays

for certain nonluciferase enzymes or molecules. For instance, as described

hereinbelow, a pH insensitive derivative of luciferin was identified that is useful

in biological assays that may be run at a pH other than physiological pH, i.e.,

20 less than about pH 7.0 and greater than about pH 7.8. Thus, bioluminescent

methods that employ a luciferin derivative of the invention may be used to detect }

one or more molecules, e.g., an enzyme, a cofactor for an enzymatic reaction

such as ATP, an enzyme substrate, an enzyme inhibitor, an enzyme activator, or

OH radicals, or one or more conditions, e.g., redox conditions.

25 In one embodiment, the invention provides a compound of formula (V):

z

Z W (W)n
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V

wherein

Y is N, N-oxide, N-loweralkyI, or CH;

Xis S,CH==CH,orN=C,

5 Z and Z' are H, OR, NHR, or NRR;

Z" is O, S, NH, NHR, or N=N;

eachW is independently H, halo, Cr6alkyi, C2-2oalkenyl, hydroxyl, or

Cj-6alkoxy; or

W and Z on ring A are both keto groups;

10 each ofK1

, K2
,
K3

, and K4
are independently CH, N, N-oxide, or N-

loweralkyl;

R is H, Ci_2oalkyl, substituted C^oalkyl, C2.2oalkenyl, substituted C2.

2oalkenyl, halogenated C2 -.2oalkenyl, substituted halogenated C2_20alkenyl, C3.

2oalkynyl, substituted C3-20alkynyl, C2-2oalkenylCi-2oallcyl, substituted C2_

1 5 2oalkenylCi_2oalkyl, C3.2oalkynylC2-2oalkenyl, substituted C3_20alkynylC2_

20alkenyl, C3-2ocycloalkyl, substituted C3.2ocycloalkyl, C^oaryl, heteroaryl, C6-

3oarylCi„20alkyl, substituted C^oaryl, substituted heteroaryl, substituted C6.

30arylC|.2oalkyl, alkylsulfoxyCi_20alkyl, C^oalkoxycarbonyl, .C^oarylCu

20alkoxycarbonyl, CeooarylthioC^oalkyl, hydroxyC|.20alkyl 5 triCi-

20 2oammoniumCi_2oalkyl
5 heteroaryld^oalkyl, substituted heteroarylCi.20alkyl,

heteroaryl having quaternary nitrogen, heteroarylcarbonyl having quaternary

nitrogen, and N-methyl-tetrahydropyridinyl; and M* when Z ,r

is oxygen, wherein

M is an alkali metal; wherein the alkyl, cycloalkyl, alkenyl, and/or alkynyl

groups may be optionally substituted by one more Q^oalkyl, halo, hydroxyl,

25 acetyl, amino, lower alkylamino, lower alkynylamino, imidazolinylmethylamino,

di-lower alkylamino, di-lower alkynylamino, piperidino, pyrrolidino, azetidino,

aziridino,

di-imidazolinylmethylamino, mercapto, Ci.2oalkylthio, C6-3oarylthio, or

trifluoromethyl groups, substituted C6-30aryICi-20alkyl carbonyl; and each group

30 R is defined independently if more than one is present;

Qis(C=0)n or(CH2)n;

nis 0, l,or2;

and wherein
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when Z or Z" is amino, one or both of the hydrogens may be replaced by Cj.

2oaIkyl, or the group L, wherein

L is an amino acid radical, a peptide radical having up to 20 amino acid

moieties, or may be any other small molecule that is a substrate for a

5 nonluciferase; with the proviso that when L is an amino acid radical or a peptide

radical,W is not H;

and wherein

when Z is hydroxyl or amino, H may be replaced by (HO)2P(0)-OCH2-

,

sulfo,

10 or -PO3H2, or by cephalosporanic acid attached to the group Z via a carbon

chain ofone or more carbon atoms; with the proviso that when ring B is a

thiazole ring, the sulfo or the -P03H2 group is attached to the hydroxyl oxygen

via a loweralkylene chain; and

when Z is hydroxyl or amino or when ZM-R is hydroxyl, H may be replaced

15 by the group Lf
- linker, wherein L' is a group removable by an enzyme to free

the linker, and the linker is a carbon chain that may optimally self-cleave,

optionally interrupted by one or more nitrogen atoms, oxygen atoms, carbonyl

groups, (substituted)aromatic rings, or peptide bonds, and

linker is attached to L1

via an oxygen atom or an NH group at one terminus

20 of the linker and the other terminus of the linker forms an ether, ester, or amide

linkage with the group Z; and

when Z is hydroxyl, formula V includes a luciferin dimer connected at the

two A rings via an -OCH20- bridge; and

wherein

25 A' and B' are optional aromatic rings fused to ring A, only one of which may

be present at a time, so as to form a fused tricyclic system; and

when B' is present, the group Z is present, and

when A' is present, the group Z is absent; and

wherein

30 one carbon of ring A may be replaced by an N-oxide moiety;

the dotted line in ring B is an optional double bond;

ifX is N=C, ring C is attached at the carbon atom of the N=C moiety; and
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A" is an anion, present when a quaternary nitrogen is present; or a salt thereof,

with the proviso thatW is not hydrogen when the compound to whichW is

attached is luciferin, luciferin methyl ester, or aniinoluciferin or when rings A

and B form a naphthalene or quinoline ring system.

5 Further derivatives of luciferin or aminoluciferin have the general

formula VI:

VI

10 wherein

Rl

represents hydrogen, hydroxyl, amino, Ci-2oalkoxy, substituted Ci^oalkoxy,

C2-2oalkenyloxy, substituted C2-2oalkenyloxy, halogenated Cu20alkoxy,

substituted halogenated Ci^alkoxy, C3 .2oalkynyloxy, substituted C3 .

2oalkynyloxy,

15 C3.2ocycloalkoxy, substituted C3_2ocycloalkoxy, C3.2ocycloalkylamino,

substituted

C3-2ocycloalkylamino, Ci-2oalkylamino, substituted Ci_2oalkylamino,

diCi.2oalkylamino, substituted diCi_2oalkylamino, C2-2oalkenylamino, substituted

C2-2oalkenylamino, diC2-2oalkenylamino, substituted diC2-2oalkenylamino,

20 C2-2oaIkenylCi-2oalkylamino, substituted C2-2oaikenylCi-2o alkylamino,

C3.2oalkynylamino, substituted C>2oalkynylamino, diC3-2oalkynylamino,

substituted

diC3 .2oalkynylamino, C3.2oalkynylC2-2oalkenylamino,

or substituted C3-2oalkynylC2-2oalkenylamino;

25 R6
represents CH2OH; COR

1

1

wherein R 1

1

represents H, OH, C^oalkoxide,

C2-20 alkenyl, orNRl2R13
wherein R12

andR13
are independently H or Cj.2oalkyl;

or -OM* wherein M* is an alkali metal; or a salt; and

R7
represents H, C^aUcyl, C2-2oalkenyl, halogen, or C^alkoxide,
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with the proviso that when R 1

is OH orNH2, R
7
is not H, R6

is not COR 11

wherein Rn is OH or OMe formula VI does not include luciferin, luciferin

methyl ester, and aminoluciferin.

Further derivatives of luciferin or aminoluciferin have the general

5 formula VH:

VII

wherein

Y is N-oxide, N-loweralkyl, or CH;

10 XisSorCH=CH;or

Y is N and X is N=C or CH=CH;

Z and Z» are H, OR, NHR, or NRR; or

Z is a cyclic dietherified dihydroxyborane group attached to ring A via the boron

atom;

1 5 Z" is O, S, NH, NHR, or N=N;

eachW is independently H, halo, Ci^alkyl, C2-20alkenyl, hydroxyl, or

Ci_6alkoxy;

each ofK1

, K2
, K3

, and K4
are independently CH, N, N-oxide, or N-

loweralkyl;

20 • R is H, Ci_20alkyl, substituted C l
.2oalkyl > C2.20alkenyl, substituted C2.

20alkenyl, halogenated C2.20alkenyl, substituted halogenated C2.2oalkenyl, C2-

20alkenylCi.20alkyl, substituted C2.20alkenylCi.20alkyl, C3.20alkynyl, substituted

C3 .2oalkynyl, C3.2oalkynylC2-2oalkenyl, substituted C3_20alkynylC2-2oalkenyl, C3-

20cycloalkyl, substituted C3.20cycloalkyl, C^oaryl, heteroaryl, C6-3oarylC N20alkyl,

25 substituted C6.3oaryl, substituted heteroaryl, substituted C6.3oarylCi.20alkyl,Ci_

20alkoxycarbonyl, C6-3oarylCi-20alkoxycarbonyl, C6-3oarylthioCi.2oalkyl,
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hydroxyC^oalkyl, triCi-2oammoniumCi-2oalkyl, heteroarylCu20alkyl, substituted

heteroarylCi-2oalkyl, heteroaryl having quaternary nitrogen, heteroarylcarbonyl

having quaternary nitrogen, N-methyl-tetrahydropyridinyl,

pentafluorophenylsulphonyl, and IvT** when Z" is oxygen, whereinM is an alkali

5 metal; wherein the alkyl, cycloalkyl, alkenyl, and/or alkynyl groups may be

optionally substituted by one more C^oalkyl, halo, hydroxyl, acetyl, amino,

lower alkylamino, lower alkynylamino, imidazolinylmethylamino, di-lower

alkylamino, di-lower alkynylamino, piperidino, pyrrolidino, azetidino, aziridino,

di-imidazolinylmethylamino, mercapto, Ci_20alkylthio,

10 C6.3oarylthio, or trifluoromethyl groups; and each group R is defined

independently ifmore than one is present;

Qis (C=0)n or (CH2)n;

n is 0, 1, or 2;

and wherein

15 when Z is amino, one or both of the hydrogens may be replaced by Ci_2oalkyl,

or the group L, wherein

L is an amino acid radical, a peptide radical having up to 20 amino acid

moieties, or may be any other small molecule that is a substrate for a

nonluciferase;

20 and wherein

when Z is hydroxyl or amino, H may be replaced by (HO)2P(0)-OCH2-,

sulfo, or

-P03H2 , or by a cephalosporanic acid attached to the group Z via a carbon

chain ofone or more carbon atoms; and

25 when Z is hydroxyl or amino or when Z"-R is hydroxyl, H may be replaced

by the group linker, wherein L* is a group removable by an enzyme to free

the linker, and linker is carbon chain that can self-cleave, optionally interrupted

by one or more nitrogen atoms, oxygen atoms, carbonyl groups,

(substituted)aromatic rings, or peptide bonds, and

30 linker is attached to L' via an oxygen atom or an NH group at one terminus

of the linker and the other terminus of the linker forms an ether, ester, or amide

linkage with the group Z; and
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when Z is hydroxyl, formula VII includes a luciferin dimer connected at the

two A rings via an -OCH2O- bridge; and

wherein

A' and B' are optional aromatic rings fused to ring A, only one of which may

5 be present at a time, so as to form a fused tricyclic system; and

when B' is present, the group Z is present, and

when A' is present, the group Z is absent; and

wherein

one carbon of ring A may be replaced by an N-oxide moiety;

10 the dotted line in ring B is an optional double bond;

ifX is N=C, ring C can optionally be attached at the carbon atom of the N=C

moiety; and

A" is an anion, present when a quaternary nitrogen is present; or a salt

thereof; with the proviso thatW is not hydrogen when rings A and B form a

1 5 naphthalene ring system.

Other derivatives include a compound of formula VIII:

VIII

wherein

n = 0 or 1 and when
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n = 0, then X = S, and— is a single bond; or when

n = 1, then X = CH, and™ is a double bond;

R,= H,F,orOH;

R2 = H, methyl, ethyl, propyl, butyl, benzyl, hydroxyethyl, or an ester of

5 hydroxyethyl;

R3 and R4 are independently H, methyl, ethyl, propyl, allyl,

imidazolinylmethyl, or

R3 and R4 together with the nitrogen atom to which they are attached form a

piperidino, pyrrolidino, azetidino, or aziridino ring;

10 R5 and R$ are independentlyH or methyl;

R7 is H or methyl;

Rg is H, methyl, hydroxyl, or acetyl; and

R9 is H or methyl.

Compounds of formula VIII may be useful as MAO substrates.

1 5 Yet other derivatives include a compound of formula IX:

20 wherein R1

is H, OR, NH-C(0)-0-benzyl, or NH-O-iso-butyl;

R is lower alkyl, benzyl, 2,4,6-trimethylbenzyl, phenylpiperazinobenzyi, o-

trifluoromethylbenzyl, or 3-picolinyl;

R6
is a carboxyl group esterified by lower alkyl, 3-picolinyl, ethylene glycol

when R1

is H or OR, or R6
is carboxyl when R 1

is NH-C(0)-0-benzyl or NH-O-

25 iso-butyl or when R 1

is OR wherein R is 2,4,6-trimethylbenzyl,

phenylpiperazinobenzyi, o-trifluoromethylbenzyl. Such derivatives may be

useful as P450 substrates.

Also provided is a compound of formula X:
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X

wherein

Y is N, N-oxide, N-loweralkyi, or CH;

5 XisS,CH=CH,orN=C,

Z and 2 are independently H, OR, NHR, or NRR;

Z" is O, S, NH, NHR, or N=N;

eachW is independently H, halo, Ci^alkyl, C2-2oalkenyl, hydroxyl, or

Ci^alkoxy; or

10 W and Z are both keto groups on ring A, and the dotted lines in ring A are

absent;

each ofK 1

,
K2

, K3
, and K4

are independently CH, N, N-oxide, or N-

loweralkyl, and the dotted lines between K 1

and K2
, and K3

and K4
, denote

optional double bonds;

15 R is H, amino, C^oalkyl, C2-2oalkenyl, halogenated C2-2oalkenyl, C3.

2oalkynyl, C2.2oalkenylCi-2oalkyl, C3-2oalkynylC2-2oalkenyl, C3.2ocycloalkyl, C6-

3oaryl, heteroaryl, C^arylCi^oalkyl, Ci-i 2alkoxy, Ci.2oalkylsulfoxy,

30arylsulfoxy, CeooarylsulfoxyCi^oalkyl, Ci^oalkylsulfoxyC^oalkyl, Ci_

2oalkoxycarbonyl, C6-3oarylCi-2oalkoxycarbonyl, C6.3oarylthioCu2oalkyl,

20 hydroxyCi_2oalkyl, triCu2oammoniumCi-2oalkyl, heteroarylsulfoxy, heteroarylCi.

2oalkyl, heteroaryl having quaternary nitrogen, heteroarylcarbonyl having

quaternary nitrogen, N-methyl-tetrahydropyridinyl; or M* when Z" is oxygen,

whereinM is an alkali metal;

wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, aryl, or heteroaryl

25 groups ofR can be optionally substituted by one or more, e.g., 1, 2, 3, 4, or 5,

Ci.20alkyl, halo, hydroxyl, acetyl, -COOR 1

, -SO-jR
1

,
amino, nitro, lower
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alkylamino, lower alkynylamino, imidazolinylmethylamino, di-lower alkylamino,

di-lower alkynylamino, piperidino, pyrrolidino, azetidino, aziridino, di-

imidazolinylmethylamino, mercapto, Ci-2oalkylthio, Q.3oarylthio,

trifluoromethyl, Ci-2oalkylcarboxyl, C^oaryl, substituted C6,3oaryl, C6-3oarylC|_

5 2oalkoxyl, heterocycle Ci.2oalkyl, substituted C6-3oarylCi.2oalkoxyl, C^oarylCi.

2oaIkyl carbonyl, substituted C6-3oarylCi-2oalkyl carbonyl or additional

unsubstituted R groups; and wherein each group R is defined independently if

more than one is present;

wherein heterocycle Ci_2oalkyi is optionally substituted with one or more,

10 e.g., 1, 2, 3, 4, or 5, R groups;

R1

is hydrogen or Ci^alkyl;

Qis C(=0)orCH2;

nisO, l,or2;

and wherein

15 when Z or Z" is amino, one or both of the hydrogens of the amino group

maybe replaced by Ci-2oalkyl, or the group L, wherein

L is an amino acid radical, a peptide radical having up to 20 amino acid

moieties, or any other small molecule that is a substrate for a nonluciferase; with

the proviso that when L is an amino acid radical or a peptide radical, W is not H;

20 and wherein

when Z is hydroxyl or amino, H of the hydroxyl or amino may be replaced

by (HO)2P(0)-OCH2- , sulfo,

-PO3H2, or by a cephalosporanic acid attached to the group Z via a carbon

chain ofone or more carbon atoms; with the proviso that when ring B is a

25 thiazole ring, the sulfo or the -PO3H2 group is attached to the hydroxyl oxygen

via a loweralkylene chain; and

when Z or Z !

is hydroxyl or amino or when ZM-R is hydroxyl, one H of the

hydroxyl or amino may be replaced by the groupX'- linker, wherein L' is a group

removable by an enzyme to free the linker, and linker is carbon chain that can

30 self-cleave, optionally interrupted by one or more nitrogen atoms, oxygen atoms,

carbonyl groups, (substituted)aromatic rings, or peptide bonds, and
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linker is attached to Lf

via an oxygen atom or an NH group at one terminus

of the linker and the other terminus of the linker forms an ether, ester, or amide

linkage with the group Z, Z !

, or Z"-R; and

when Z is OR, formula X can optionally be a dimer connected at the two A

5 rings via a CH2 or CH2-C6H4-CH2 bridge, and the R group of each Z group

connecting the dimer of formula X is replaced by the bridge; and

wherein

A' and B' are optional aromatic rings fused to ring A, only one of which

may be present at a time, so as to form a fused tricyclic system; and

1 0 when B' is present, the group Z is present, and

when A* is present, the group Z is absent; and

wherein

one carbon of ring A may be replaced by an N-oxide moiety;

the dotted line in ring B is an optional double bond;

15 ifX is N=C, ring C can optionally be attached at the carbon atom of the

N=C moiety; and

A" is an anion, present when a quaternary nitrogen is present; or a salt

thereof, with the proviso that W is not hydrogen when the compound to which

W is attached is luciferin, luciferin methyl ester, or aminoluciferin or when rings

20 A and B form a naphthalene or quinoline ring system,

with the proviso that -Q-Z"-R is not -C(0)-NH-NH2 when a ring A

substituent is OH.

In one embodiment, theW group attached to ring C is absent (i.e., the

value ofV is 0). In another embodiment, theW group attached to ring C is H

25 orF.

Further provided is a compound of formula XI:
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Z'

wherein

Y is N-oxide, N-loweralkyl, or CH;

5 X is S or CH=CH; or

Y is N and X is N=C or CH=CH;

Z and Z' are H, OR, NHR, or NRR; or

Z is a cyclic dietherified dihydroxyborane group attached to ring A via the

boron atom;

10 Z" is O, S, NH, NHR, or N=N;

eachW is independently H, halo, Ci^alkyl, C2-2oallcenyl, hydroxyl, or

C ) .6alkoxy;

each ofK 1

, K2

, K3
, and K4

are independently CH, N, N-oxide, or N-

loweralkyl, and the dotted lines betweenK 1

and K2
, and K3

and K4
, denote

15 optional double bonds;

R is H, Ci.2oalkyI, C2-2oalkenyl, halogenated C2-2oalkenyl, C3.2oalkynyl, C2.

20alkenylCi.2oalkyl, C3-20alkynylC2-2oalkenyl, C3-2ocycloalkyl, C6-3oaryl,

heteroaryl, C6-3oarylCi-2oalkyl, Ci.20alkylsulfoxy, C6-3oarylsulfoxy, C6-

3oarylsulfoxyCi.2oalkyl, Ci^oalkylsulfoxyCu^alkyl, Ci_20alkoxycarbonyl, C<>-

20 3oarylCi.2oalkoxycarbonyl, C6.3oarylthioCi_20alkyl, hydroxyC^oalkyl, triCi-

2oammoniumCi.2oalkyl, heteroarylsulfoxy, heteroarylCi.2oalkyl, heteroaryl

having quaternary nitrogen, heteroarylcaibonyl having quaternary nitrogen, N-

methyl-tetrahydropyridinyl; or M* when Z" is oxygen, wherein M is an alkali

metal;

25 wherein the alkyl, alkenyl, alkynyl, cycloalkyl, aryl, and heteroaryl groups

ofR can be optionally substituted by one or more, e.g., 1, 2, 3, 4, or 5, Ci_2oalkyl,
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halo, hydroxyl, acetyl, -COOR 1

, -SO3R
1

,
amino, nitro, lower alkylamino, lower

alkynylamino, imidazolinylmethylamino, di-lower alkylamino, di-lower

alkynylamino, piperidino, pyrrolidino, azetidino, aziridino, di-imidazolinyl-

methylamino, mercapto, C|-2<>alkylthio, C^oarylthio, trifluoromethyl, substituted

5 C6-3oaryl, C|.2oalkylcarboxyl, substituted C6-3oaryl, substitutedC6.3oarylCi-

2oalkoxyl, substituted Ce^oarylC^oalkyl carbonyl or additional unsubstituted R

group; and each group R is defined independently if more than one is present;

R 1

is hydrogen or Ci^alkyl;

Q is C(=0) or CH2;

10 each n is independently 0, 1 , or 2;

and wherein

when Z is amino, one or both of the hydrogens of the amino group may be

replaced by C|-2oalkyl, or the group L, wherein

L is an amino acid radical, a peptide radical having up to 20 amino acid

15 moieties, or may be any other small molecule that is a substrate for a

nonluciferase;

and wherein

when Z or Z' is hydroxyl or amino, H of the hydroxyl or amino may be

replaced by (HO)2P(0)-OCH2-, sulfo, -PO3H2, or by a cephalosporanic acid

20 attached to the group Z via a carbon chain of one or more carbon atoms; and

when Z is hydroxyl or amino or when ZM-R is hydroxyl, one H of the

hydroxyl or amino may be replaced by the group LL linker, wherein L* is a group

removable by an enzyme to free the linker, and linker is carbon chain that can

self-cleave, optionally interrupted by one or more nitrogen atoms, oxygen atoms,

25 carbonyl groups, (substituted)aromatic rings, or peptide bonds, and

linker is attached to L1

via an oxygen atom or anNH group at one terminus

of the linker and the other terminus of the linker forms an ether, ester, or amide

linkage with the group Z, Z', or Z"-R; and

when Z is hydroxyl, formula XI includes a luciferin dimer connected at the

30 two A rings via an-OCH20- bridge; and

wherein

A1 and B 1

are optional aromatic rings fused to ring A, only one ofwhich

may be present at a time, so as to form a fused tricyclic system; and
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10

when B' is present, the group Z is present, and

when A' is present, the group Z is absent; and

wherein

the dotted line in ring B is an optional double bond;

ifX is N=C, ring C can optionally be attached at the carbon atom of the

N=C moiety; and

A" is an anion, present when a quaternary nitrogen is present; or a salt

thereof; with the proviso thatW is not hydrogen when rings A and B form a

naphthalene ring system. In one embodiment, theW group attached to ring C is

absent (i.e., the value ofV is 0). In another embodiment, the W group attached

to ring C is H or F.

Also provided is a compound of formula XII:

(W)n

xn

15 wherein

Y is N, N-oxide, N-loweralkyl, or CH;

XisS,CH=CH, orN=C,

Z and Z!

are independendy H, OR, NHR, or NRR;

Z" is O, S, NH, NHR, or N=N;

20 eachW is independendy H, halo, Q^alkyl, C2-2oalkenyl, hydroxyl, or

Ci-^alkoxy; 0r

W and Z are both keto groups on ring A, and the dotted lines in ring A

are absent;

each ofK 1

, K2
,
K3

, and K4
are independently CH, N, N-oxide, or

25 N-loweralkyl, and the dotted lines between K l

and K2
, and K3

and K4
, denote

optional double bonds;
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R is H, Ci.2oaIkyl, C2.2oalkenyl, halogenated C2.2oalkenyl, C3-20alkynyl,

C2-2oalkenylCi.2oalkyl3 C3-2oalkynylC2.2oalkenyl, C3-2ocycloalkyl, C^oaryl,

heteroaryl, heterocyclic, substituted heterocyclic, C^oarylCi^oalkyl, C|.

2oalkylsulfoxy, C^oarylsuifoxy, C6.30arylsulfoxyCu2oalkyl 3 Ci-2oalkylsulfoxyCi.

5 2oalkyI, Ci.2oalkoxycarbonyl, C^oarylCi^oallcoxycarbonyl, C^oaryKhioCj.

20alkyl, hydroxyC]-20alkyl3 triCi-20aranioiiiumCi.2oalkyl s
heteroarylsulfoxy,

heteroarylCi.20alkyl, heteroaryl having quaternary nitrogen, heteroaryicarbonyl

having quaternary nitrogen, N-methyl-tetrahydropyridinyl; or when Z" is

oxygen, wherein M is an alkali metal;

10 wherein the alkyl, alkenyl, alkynyl, cycloalkyl, aryl, and heteroaryl

groups ofR can be optionally substituted by one or more, e.g., 1, 2, 3, 4, or 5,

Ci-20alkyl, halo, hydroxyl, acetyl, -COOR1

,
-S03R

l

9
amino, nitro, lower

alkylamino, lower alkynylamino, imidazolinylmethylamino, di-lower alkyiamino,

di-lower alkynylamino, piperidino, pyrrolidino, azetidino, aziridino, di-

15 imidazolinylmethylamino, mercapto, Ci-2oalkylthio, Ce-3oarylthio,

trifluoromethyl, Ci-2oalkylcarboxyl, C^oaryl, substituted C^aiyl, CsooarylCi-

2oalkoxyl, substituted C6-3oarylCi-2oalkoxyl, C6ooarylCi.2oalkyl carbonyl,

substituted C6-3oarylCj.2oalkyl carbonyl or additional unsubstituted R groups; and

wherein each group R is defined independently if more than one is present;

20 wherein substituted aryl groups are substituted with one or alkyl, alkenyl,

alkynyl, cycloalkyl, aryl, heterocyclic, substituted heterocyclic, and heteroaryl

groups ofR can be optionally substituted by one or more Ci-20alkyl, C6-Cioaryl,

halo, hydroxyl, acetyl, -COOR 1

,
amino, nitro, lower alkylamino, lower

alkynylamino, imidazolinylmethylamino, di-lower alkylamino, di-lower

25 alkynylamino, piperidino, pyrrolidino, azetidino, aziridino, di-imidazolinyl-

methylamino, mercapto, Ci-20alkylthio, C^aryithio, or trifluoromethyl groups;

R 1

is hydrogen or d^alkyl;

QisC(=0) orCH2;

n is 0, 1, or 2;

30 and wherein

when Z or ZM
is amino, one or both of the hydrogens of the amino group

may be replaced by Ci-20alkyl, or the group L, wherein
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L is an amino acid radical, a peptide radical having up to 20 amino acid

moieties, or any other small molecule that is a substrate for a nonluciferase; with

the proviso that when L is an amino acid radical or a peptide radical, W is not H;

and wherein

5 when Z is hydroxyl or amino, H may be replaced by (HO)2P(0)-OCH2-

,

sulfo, or -PO3H2, or by a cephalosporanic acid attached to the group Z via a

carbon chain ofone or more carbon atoms; with the proviso that when ring B is a

thiazole ring, the sulfo or the -P03H2 group is attached to the hydroxyl oxygen

via a loweralkylene chain; and

10 when Zor Z' is hydroxyl or amino or when Z"-R is hydroxyl, one H may

be replaced by the group L'- linker, wherein L1

is a group removable by an

enzyme to free the linker, and linker is carbon chain that can self-cleave,

optionally interrupted by one or more nitrogen atoms, oxygen atoms, carbonyl

groups, (substituted)aromatic rings, or peptide bonds, and

1 5 linker is attached to L' via an oxygen atom or anNH group at one

terminus of the linker and the other terminus of the linker forms an ether, ester,

or amide linkage with the group Z, Z !

, or Z"-R; and

when Z is hydroxyl, formula XII includes a luciferin dimer connected at

the two A rings via an -OCH20- bridge; and

20 wherein

A' and B' are optional aromatic rings fused to ring A, only one of which

may be present at a time, so as to form a fused tricyclic system; and

when B' is present, the group Z is present, and

when A' is present, the group Z is absent; and

25 wherein

the dotted line in ring B is an optional double bond;

ifX is N=C, ring C can optionally be attached at the carbon atom of the

N=C moiety; and

A" is an anion, present when a quaternary nitrogen is present; or a salt

30 thereof, with the proviso thatW is not hydrogen when the compound to which

W is attached is luciferin, luciferin methyl ester, or aminoluciferin or when rings

A and B form a naphthalene or quinoline ring system.
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In one embodiment, theW group attached to ring C is absent (i.e., the

value ofV is 0). In another embodiment, theW group attached to ring C is H

or F.

IV. Exemplary Luciferin Derivatives

5 Derivatives having a six membered B ring include:

L—X-HN

compound of formula (XIX)

wherein L may be any structure for an enzyme, such as a peptide sequence or

10 small molecules; X is O, NH, or a self-cleavable linker; Z is N (aminoquinolinyl

luciferin) or CH (naphthyl luciferin); Y is O (ester), NH (amide), NH-NH

(hydrazide), or S (thioester); and R may be alkyl, aromatic, a peptide, an

oligonucleotide, or a self-cleavable linker attached to a substrate for an enzyme.

In one embodiment, a derivative may be employed to detect N-

15 dealkylation, e.g., by cytochrome (CYP) P450 isozymes. In the case of an ester

(R = alkyl chain), an esterase may be added after the dealkylation reaction is

commenced, or at the time the dealkylation reaction is initiated, and before a

luciferase-mediated reaction is initiated.

Z = N or CH
R=Horalkyl

a ft compound of formula XXI
20 compound of formula XX K

Although light output with 6-aminoquinolinyl luciferin (formula V) is pH

sensitive, reactions including control reactions may be conducted at the same pH.

Alternatively, 6-aminoquinolinyl luciferin may be modified so as to alter

25 electron density distribution of the aromatic ring, for example, with halogenation.
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Derivatives of the invention include fluorinated luciferin, quinolinyl

luciferin, aminoquinolinyl Iuciferin, and naphthyl Iuciferin. For instance, the

optical properties of fluorinated derivatives of aminoquinolinyl luciferin may be

altered due to the electron withdrawing power of fluorine. Fluorinated

5 derivatives include a compound of formula XXII and XXIII:

4'

COOH XXII

wherein X = O or NH; Y = N or CH; and F may be at 3«, 4\ 5\ 7, or 8'

COOH XXMI

10 wherein X = O or NH; and F may be at 4', 5', or T.

An exemplary fluorinated derivative is 5-fluoro-6-aminoluciferin (Figure

3).

In one embodiment, the invention provides for quinolinyl derivatives

(compounds of formula XXIV-XXVI):

.COOH

wherein OH is at positions 6' and/or 8'

Derivatives of the invention may be employed as sensors for reactive

oxygen species (ROS) or a redox sensor for horseradish peroxidase (HRP) and

other enzymes. Those derivatives include compounds of formula XXVII-

XXXII:
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-7 ° -7 ° compound of formula XXVII amlnoludferin

compound of formula XXVIII luciferin

compound of formula XXIX ,uciferin

F 1^^F *" F J *F compound of formula XXX lud*erin

F F O

(^yy^°H i)oHw*ri

jQ^
Nw/y^°H 2)

Ughl

compound of formula XXXI ^
luciferin

O O

compound of formula XXXII 5'hydroxyluciferin

Exemplary bioluminogenic MAO substrates include:

R8

£OOR2

\ / r7 x==^y ) n 8

r( compound of formula XXXIII

wherein n=0 and X=S or n=l and X^CH;

wherein R
t
=H, F, or OH;

wherein R2=H, CH3 ,
CH2CH3 ,

CH2CH2CH3 ,
CH2CH(CH3)2,

CH2Ar, CH2CH2OH, or any ester;

wherein R3 ,
R4=H, CH3 ,

CH2CH3 ,
CH2CH2CH3 ,

-H2C-C=CH, -H2C-
J

or R3=(CH2)m R4:R3=R4=CH2 and n=0
} 1, 2, or 3; H

wherein R5 and R$ are independently H or CH3 ;

wherein R<t=H or CH
3 ;

wherein R8=H, CH3) OH, or COCH3 .

Exemplary bioluminogenic FMO substrates include formula XXXIV
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R3 S

>COOR2

wherein n=0 and X=S or wherein n=l and X=CH;

wherein R,=H, F, or OH;

wherein R2=H, CH3 ,
CH2CH3 ,

CH2CH2CH3) CH2CH(CH3)2 ,
CH2Ar, CH2CH2OH, or any ester;

wherein R3=H, CH3 ,
CH2CH3 ,

CH2CH2CH3 ,
any alky! chain,

or /
=V Rl ' wherein R[', R2

': H, F, CI, Br, CN, N02 ,
CH3 ,

OCH3 ,
NH2 , or N(CH3)2 ;

R2
*

wherein R5 and R$ are independently H or CH3 .

The A ring of D-luciferin may also be modified to include another ring structure

(compound of formulas XXXV-XXXVI):

compound of formula XXXVI

Other A ring modifications include a stable substrate for phosphatase

which may also be a luciferase substrate (compound of formula XXXVII):

COOH

compound of formula XXXV

compound of formula XXXVII
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The C ring of luciferin may be modified to include a substrate for

acetylcholinesterase (ACh), which optionally has a modified A ring or a

modified C and A ring. ACh has a very high turnover number (25,000 s~
!

) and

has attained kinetic perfection as indicated by itsWKM value of 2 x 10
8 M^S" 1

5 Two types of derivatives which are substrates for ACh include (compounds of

formula XXXIX - XXXX):

compound of formula XXXVIII compound of formula XXXIX

wherein X = O or NH wherein X = O or NH, and
Y = N or CH

compound of formula XXXX compound of formula XXXXI

10 wherein X = OorNH

Derivatives useful to detect P-lactamase-mediated reactions include

quinolinyl luciferin, aminoquinolinyl luciferin and naphthyl luciferin derivatives,

optionally also modified with a halogen, e.g., a A ring modification that replaces

a H linked to a C ring atom with a F.

15

compound'of formula XXXXI1
compound of formula XXXXIII

wherein R = different group, X =N or CH, Y = S or CH=CH, and

Z = OorNH

Derivatives which include esters of luciferin (a C ring modification)

20 optionally with a A ring modification or a B ring modification, or a A and a C

ring modification, include compound of formulas XXXXW-LVEI:
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compound offorniufa XX£XIV compound of formula XXXJCV
compound of fonnula XXXXVI

compound of formula XXXXVli compound of formula XXXXIII compound of fomfula XXXXIXrj **'

To prepare esters for a derivative of luciferin that are substrates for

enzymes including P450, MAO and GST, a cyclization procedure, may be

employed with TCEP to reduce ethylene glycol ester D-cysteine before adding to

5 a cyano-containing molecule, is utilized. For instance, to a solution ofD-

cysteine ester neutralized with potassium bicarbonate, add TECP. After a few

minutes, add the solution to the appropriate nitrile dissolved in methanol. Also,

methyl ester luciferin derivatives are made by direct cyclization ofbenzothiole

derivatives with methyl ester D-cyteine or methylation of carboxylic acids of

10 luciferin with diazomethane.

O

luciferin
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formula LIX

Derivatives of luciferin with A, B and/or C ring modifications include:

(compounds of formula LXI-LXX below)

Yet further derivatives include compounds of formula LXXI, LXXQ and LXXQI

(below)
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wherein Ri=H, F, or OH;

wherein R$ and R$ are independentlyH or CH3.

In one embodiment, the derivative is a GST substrate (formulas LXXIV-

5 LXXV)

Y=0, -OS02-, -OP(0)OR (R=any alky! or aromatic ester)

R^H, F, OH
RjpH. CH3,

CH2CH3l CH2CH2CH3 ,
CH2CH(CH3)2 ,

CH2Ar, CH2CH2OH, or any ester

R3 .
R3 ,

R4= N02 ,
CF3l H

R5, R6 = H, CH3

Z=CH, N

LXXIV

wherein n=0 and X=S or n=l and X=CH;

1 0 wherein Ri=H, F, or OH;

wherein R2=H, CH3 , CH2CH3 , CH2CH2CH3, CH2CH(CH3)2 , CH2Ar, CH2CH2OH, or any ester;

wherein R3 ,
R3 *, R4 independently =N02 , CF3j or H.

LXXV

15

wherein n=0 and X=S or n=l and X=CH;

wherein Ri-H, F, or OH;

wherein R2=H, CH3 ,
CH2CH3 ,

CH2CH2CH3 ,
CH2CH(CH3 )2 ,

CH2Ar, CH2CH2OH, or any ester;

wherein R3 ,
R3

', or K4 independently =N02 , CF3> or H.
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wherein n=0 and X=S or n=l and X=CH;

5 wherein R,=H, F, or OH;

wherein R2=H, CH3 ,
CH2CH3 ,

CH2CH2CH3> CH2CH(CH3 )2, CH2Ar, CH2CH2OH, or any ester;

wherein R3 , R3\ R4 independently are N02,
CF3 , or H.

LXXK

10

wherein n=0 and X=S or n=l and X=CH;

wherein Ri=H, F s or OH;

wherein R2=H, CH3> CH2CH3 , CH2CH2CH3> CH2CH(CH3 ) 2 ,
CH2Ar, CH2CH2OH, or any ester;

wherein R3 ,
R3\ R4 are indepenently NC^, CF3> or H

15

Exemplary phosphatase and sulfatase substrates include formulas LXXX-

LXXXIH:
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wherein n=0 and X=S or n=l and X=CH;

wherein Ri=H, F, or OH;

wherein R2=H, CH3 , CH2CH;,, CH2CH2CH3, CH2CH(CH3)2, CH2Ar, CH2CH2OH, or any ester.

LXXXIV
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LXXXVI

Other derivatives of the invention include compounds of formula

LXXXVm-LXXXIX:

5

Lxxxvm
wherein n=0 and X=S or n=l and X=CH;

wherein Ri=H, F, or OH;

wherein R2=H, CH3 , CH2CH3> CH2CH2CH3 ,
CH2CH(CH3 )2,

CH2Ar, CH2CH2OH, or any ester;

10 wherein R3-H, F, CI, Br, CN, N02 ,
CH3 ,

OCH3 ,
NH2 , or N(CH3 )2; or

wherein R5 and R6 are independently H or CH3>

Derivatives for use in redox or dealkylase bioluminescent assays include

compounds of formulas LXXXX - LXXXXI:

D" S S

LXXXX

15

wherein A is modified from CH to NO, NMe or N; or

wherein B is modified from CH to NO, NMe, or N; or

wherein C is modified from COH or CNH2 to NO, NMe, or N;
wherein D is modified from CH to NO, NMe, or N; or

wherein E is modified from N to NO or NMe; or any combination thereof

wherein Z-O or Me;
wherein Y = OH orNH2 ;

wherein R=H or alky!
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Specific derivatives useful as reduction sensors or a dealkylase sensor

include compounds of formula LXXXXII - LXXXXVI:

LXXXXVll

Other examples ofredox sensors are shown in Figures 4 and 6.

5 Other esterase substrates are shown in Figures 8-10, 22-23, 26, 37B, 40 and 42.

V. Derivatives ofFluorophores

In one embodiment, derivatives of a fluorophore of the invention have

the following structure L-F, where F is a fluorophore and L is a substrate linked

10 via O to the fluorophore. In one embodiment, fluorescent substrates according

to the present invention are benzopyran derivatives having the general formula

XIII:
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xni

wherein

5 the dashed ring is an optionally present benzo ring;

the dashed bond in the B ring is present only when the dashed ring is absent;

X?

is CH when the dashed ring is absent;

X!

is NH when the dashed ring is present;

X!

is a carbon atom when the dashed ring is present and X* forms part of a spiro

10 ring system which is a y-butyrolactone ring having an optionally substituted

benzo ring fused at the a and |3 carbons of the lactone ring and attached to X* at

the y carbon;

W l

,
W3

, andW4
are independently H, halo, carboxyl, carboxy ester, loweralkyl,

hydroxyloweralkyl, C6-2oaryl, or substituted C^oaryU W2
is hydroxyl,

15 loweralkoxy, or amino, wherein one or both amino hydrogens may be replaced

by lower alkyl;

Z 1

is a loweralkylene chain terminated by an amino group, a toweralkylamino

group, a diloweralkylamino group, a thiol group, or a lower alkylthio group; and

W2 is alkoxy, or OCH(R7)CH(R8)CH(R9)N(R3R4); and

20 Z2
is a keto group present only when the benzo ring is absent.

Exemplary fluorogenic MAO substrates include formulas LXXXXVTII-

C:

Fluorogenic FMO substrates include formulas CI-CIII:
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R4

Ri. R2 .
R2 =H. F, Ci, Br, I, COOH, COOR (any ester)

R3l R^H, CH3) CH2CH3 .
CH2CH2CH3 ,

—

H

2C-C=CH, —H 2C^(
/

J
or R3(CH2)nR4 : R3=R4=CH2

(

n=0. 1,2,3, H

R7= H, CH3

Ra=H, CH3 , OH. COCH3
Rg=H, CH3

R= Alkoxyl (any), or symetric chain OCH(R7)CH(R8)CH(R9)N(R3R4)

See Figures 5 and 1 1 for exemplary fluorogenic substrates for redox and MAO

5 reactions.

Any fluorophore may be employed to prepare a fluorogenic substrate,

fluorophores including but not limited to fluorescein, Texas Red, DAPI, PI,

acridine orange, Alexa fluors, e.g., Alexa 350, Alexa 405 or Alexa 488, cyanine

dyes, e.g., Cy3, coumarin, ethidium bromide, fluorescein, BODIPY, a rhodol,

10 Rox, 5-carboxyfluorescein, 6-carboxyfluorescein, an anthracene, 2-amino-4-

methoxynapthalene, a phenalenone, an acridone, fluorinated xanthene

derivatives, a-naphtol, p-napthol, 1-hydroxypyrene, coumarins, e.g., 7-amino-4-

methylcoumarin (AMC) or 7-amino-4-trifluoromethylcoumarin (AFC),

rhodamines, e.g., tetramethylrhodamine, rhodamine-110, or carboxyrhodamine,

15 cresyl violet, or resorufin, as well as fluorophores disclosed in U.S. Patent No.

6,420,130, the disclosure of which is incorporated by refrence herein.

VI. Linkers

A linker strategy may be employed for either the A or C ring modified

luciferins, or with fluorophore containing derivatives, to introduce a substrate for

20 an enzyme of interest such as a deacetylase, deformylase, demethylase or other

enzyme that can remove the L group of formula I (a substrate for that enzyme) to

free the linker, yielding a substrate of luciferase, or a prosubstrate, where the

remaining linker may optionally be removed by a nonenzymatic reaction.
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Linkers can be alkyl or alkoxy chains, such as (Ci-C6)alkyl or (d-

C6)alkoxy groups. The chain can have one or more electron withdrawing group

substituents R, such as an aldehyde, acetyl, sulfoxide, sulfone, nitro, cyano

group, or a combination thereof. Other linkers include trimethyl lock, quinine

5 methide and diketopiperazine linkers, and their derivatives. A trimethyl lock

linker can be illustrated as follows:

leaving group

R

CIV

wherein R is as defined for any one of formulas I-III or V-XII, which is a group

10 removable by an enzyme, e.g., an enzyme that is being assayed; the trimethyl

lock linker replaces a hydrogen atom of one of the groups Z, Z', or Z"-R; and

'leaving group' is the remainder of the structure of formula I-III or V-XII. See

Wang et al., J. Org. Chem. . 62: 1363 (1997) and Chandran et al., J. Am. Chem.

Soc 127 : 1652 (2005) for the use of trimethyl lock linkers.

15

A quinine methide linker can be illustrated as follows:

wherein R is as defined for any one of formulas I-III or V-XII, which is a group

20 removable by an enzyme, e.g., an enzyme that is being assayed; the quinine

methide linker replaces a hydrogen atom of one of the groups Z, Z', or Z"-R; and

'leaving group' is the remainder of the structure of formula I-III or V-XII. See

Greenwald et al., J. Med. Chem. , 42:3657 (1999) and Greenwald et al.,

Bioconjugate Chem. . 14:395 (2003) for the use of quinine methide linkers.

25

A diketopiperazine linker can be illustrated as follows:
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10

R' R' H
O

RvN'|<N
'X

X^ leaving group
H o R' R1

CVI

wherein R is as defined for any one of formulas I-III or V-XII, which is a group

removable by an enzyme, e.g., an enzyme that is being assayed; each R' of the

diketopiperazine linker is independently H or an alkyl chain optionally interuped

by O, S, or NH, preferably a methyl group; the diketopiperazine linker replaces a

hydrogen atom of one of the groups Z, Z\ or Z M
-R; and 'leaving group

1

is the

remainder of the structure of fonnula Mil or V-XIL See Wei et al, Bioorg. Med,

Chem. Lett. . 10: 1073 (2000) for the use of diketopiperazine linkers.

Other linker containing derivatives include:

9 v rnnw O ^^-H N^>COOH

X = OorNH X = OorNH
compound of formula CVII compound of formula CVIII

O o

»

compound of fonnula CIX compound of fonnula CX

P-elimination of a product of a bioluminogenic or fluorogenic reaction

with a substrate having a group R that in the product is an electron withdrawing

1 5 group R, such as aldehyde, acetyl, sulfoxide, sulfone, nitro, or cyano, may yield

a substrate for luciferase or a fluorophore.

Any fluorogenic chromophore or luminophore

20 For instance, to detect MAO, the derivative may undergo the following

reaction.

95



WO 2006/130551 PCT7US2006/020731

Rl
MAO A/B

-N

R2

Any fluorogenic chromophore or luminophore

To detect FMO, the derivative may undergo the following reaction:

FMO p-elimination /^X

\
W ^ (0)n

A S ,3*0} n

I R R n=1.2
n=1,2

Any fluorogenic chromophore or luminophore

Specific embodiments of reactions and derivatives having formulas CXI-

CXV which employ a linker include:

L- Linker'
Z^>i X 1) Enzyme deavage jjnk^^Y^jj x 2) semination

HZ
x

^vV^COOH * ^V'V^COOH " ^V'V^COOH

2 0 compound of formula CXI

wherein L = Me for demethylase, Ac for deacetylase, or CHO for deformylase,

X = S or CH=CH, Y = N or CH, and Z = O or NH;

HZ^^ x 1) Enzyme c!eavago
HZV^i X , 2) self-eOmhaUon ^Y^il X

•COOH

compound of formula CXII

1 5 wherein R = Me for demethylase, Ac for deacetylase, orCHO for deformylase,

X = S or CH=CH, Y = N or CH, and Z = O orNH

. iT~? LJL X „
T*J^-COOH

compound of formula CXII I

wherein L = Me for demethylase, Ac for deacetylase, or CHO for deformylase,

X = S or CH=CH, and Y = N or CH;

, ^/V°V^i X 1) Enzyme cleavage /G\£^v „ 2) seJMlminaUon H0N^, X

,_^v...
s^ s^

O ^ 1) Enzyme deavage ^J^O^^v^x 2) self^flmlnaljon
re X

T^-COOH

2Q compound of formula CXJV
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wherein L = Me for demethylase, Ac for deacetylase, or CHO for deformylase,

X = S or CH=CH, Y = N or CH, and Z = O or NH; or

L -\ N^Z^s^^^v 1) Enzyme cteavaQ© /"oks/lv^ v 2) self-efimlnatlcn HZ^X x

compound of formula CXV

5 wherein L = Me for demethylase, Ac for deacetylase, or CHO for deformylase,

X = S or CH=CH, Y = N or CH, and Z = 0 or NH.

VII. Agents Useful to Stabilize Light Production in Luciferase-Mediated

Reactions

Agents useful to stabilize light production in a luciferase-mediated

10 reaction include organic compounds (i.e., compounds that comprise one or more

carbon atoms). Such an agent may be added prior to, at the initiation of and/or

during a nonluciferase enzyme-mediated reaction or a luciferase-mediated

reaction. Suitable organic compounds can comprise a carbon-sulfur bond or a

carbon-selenium bond, for example suitable organic compounds can comprise a

15 carbon-sulfur double bond (C=S), a carbon selenium double bond (C=Se), a

carbon-sulfur single bond (C-S), or carbon-selenium single bond (C-Se).

Suitable organic compounds can also comprise a carbon bound mercapto group

(C-SH) or a sulfur atom bound to two carbon atoms (C-S-C). In one

embodiment, compounds are lipophilic in nature.

20 Suitable compounds that comprise a carbon sulfur double bond or a

carbon selenium double bond include for example compounds of formula (XIV):

R
l

R2 xrv

25 wherein X is S or Se; Ri and R2 are each independently hydrogen, (Ci-C2o)alkyl,

(C3-C8)cycloalkyl, (CrC20)alkoxy, (C2-C20)alkenyl, (C2-C20)alkynyl, aryl,

heteroaryl, or NR*Rb; or Ri and R2 together with the carbon to which they are

attached form a 5, 6, 7, or 8 membered saturated or unsaturated ring comprising

carbon and optionally comprising 1, 2, or 3 heteroatoms selected from oxy (-0-),
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thio (-S-), or nitrogen (-NR^)-, wherein said ring is optionally substituted with 1,

2, or 3 halo, hydroxy, oxo, thioxo, carboxy, (Ci-C20)alkyl, (C3-C8)cycloalkyl,

(Ci-C2o)alkoxy, (Ci-C20)alkanoyi, (CrC2o)alkoxycarbonyl, (C2-C20)alkenyl, (C2-

C2o)alkynyl, aryl, or heteroaryl; and Ra, Rb and Rc are each independently

5 hydrogen, (Ci-C20)alkyl, (C3-C8)cycloalkyl,(C2-C20)alkenyl3 (Ct-C20)alkanoyl,

(Ci-C2o)alkoxycarbonyl, (C2-C20)alkynyl, aryl, heteroaryl; wherein any (Cj-

C20)alkyl, (CrC8)cycloalkyl, (CrC2o)alkoxy, (C2-C20)alkenyl (CrC20)alkanoyl,

(CrC20)alkoxycarbonyl, or (C2-C20)alkynyl ofRi , R2 , Ra, Rb, and Rc is

optionally substituted with one or more (e.g 1, 2, 3, or 4) halo, hydroxy,

10 mercapto, oxo, thioxo, carboxy, (Cj-C2o)alkanoyl, (CrC20)alkoxycarbonyl, aryl,

or heteroaryl; and wherein any aryl or heteroaryl is optionally substituted with

one or more (1, 2, 3, or 4) halo, hydroxy, mercapto, carboxy, cyano, nitro,

trifluoromethyl, trifluoromethoxy, (C|-C20)alkanoyl, (Ci-C2o)alkanoyloxy, sulfo

or (CrC2o)alkoxycarbonyl; or a salt thereof.

1 5 Suitable compounds that comprise a mercapto group include for example

compounds of the formula R3SH wherein: R3 is (Ci-C2o)alkyl, (C3
-

C8)cycloalkyl,(C2-C2o)alkenyl, (C2-C20)alkynyl, aryl, or heteroaryl; wherein any

(CrC20)alkyl, (C3-C8)cycloalkyl, (C2-C20)alkenyl, or (C2-C20)alkynyl ofR3 is

optionally substituted with one or more (e.g 1, 2, 3, or 4) halo, hydroxy,

20 mercapto oxo, thioxo, carboxy, (Ci-C2o)alkanoyl, (CrC2o)alkoxycarbonyl, aryl,

heteroaryl, or NR^Re; wherein R<i and R« are each independently hydrogen, (Ci-

C20)alkyl, (C3-C8)cycloalkyl,(C2-C20)alkenyl, (C2-C20)alkynyl, (Ci-C20)alkanoyl,

(CrC2o)alkoxycarbonyl aryl, or heteroaryl; and wherein any aryl or heteroaryl is

optionally substituted with one or more (1, 2, 3, or 4) halo, mercapto, hydroxy,

25 oxo, carboxy, cyano, nitro, trifluoromethyl, trifluoromethoxy, (CrC20)alkanoyl,

(Ci-C2o)alkanoyloxy, sulfo or (Ci-C2o)alkoxycarbonyl; or a salt thereof.

Other suitable compounds include for example compounds of the

formula R4NCS wherein: R4 is (Q-C^alkyl, (C3-C 8)cycloalkyl,(C2-C20)alkenyl,

(C2-C2o)alkynyl, aryl, or heteroaryl; wherein any (Ci-C20)alkyl, (C3
-

30 C8)cycloalkyl, (C2-C20)alkenyl, or (C2-C20)alkynyl ofR3 is optionally substituted

with one or more (e.g 1, 2, 3, or 4) halo, hydroxy, mercapto oxo, thioxo, carboxy,

(Ci-C20)alkanoyl, (CrC2o)alkoxycarbonyl, aryl, heteroaryl, or NRfRg; whereinRf

and Rg are each independently hydrogen, (Ci-C20)alkyl, (C3-C8)cycloalkyl,(C2-
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C2o)alkenyl, (C2-C20)alkynyl, (Ci-C2o)alkanoyl, (Ci-C2o)alkoxycarbonyl aryl, or

heteroaryl; and wherein any aryl or heteroaryl is optionally substituted with one

or more (1, 2, 3, or 4) halo, mercapto, hydroxy, oxo, carboxy, cyano, nitro,

trifluoromethyl, trifluoromethoxy, (Ci-C20)alkanoyl, (CVC^alkanoyloxy, sulfo

5 or (Ci-C2o)alkoxycarbonyl; or a salt thereof.

Other suitable compounds that comprise a carbon-selenium single bond

or a carbon sulfur single bond include compounds of formula R5-X-R.6 wherein:

X is -S- or -Se-;

R5 is (C,-C2o)alkyl, (C3-C8)cycloalkyl 5(C2-C20)alkenyl, (C2-C20)alkynyl,

10 aryl, or heteroaryl; and fU is hydrogen, (C,-C20)alkyl, (C3-C8)cycloalkyl,(C2-

C2o)alkenyl, (C2-C20)alkynyl, aryl, or heteroaryl;

or R5 and Re together with X form a heteroaryl;

wherein any (Ci-C20)alkyl, (C3-C8)cycloalkyl, (C2-C20)alkenyl, or (C2-

C2o)alkynyl ofR5 or R$ is optionally substituted with one or more (e.g 1, 2, 3, or

15 4) halo, hydroxy, mercapto oxo, thioxo, carboxy, (Cj-C20)alkanoyl, (Ci-

C2o)alkoxycarbonyl, aryl, heteroaryl, or NRkRm ;

wherein Rk and are each independently hydrogen, (Ci-C20)alkyl, (C3-

C8)cycloalkyl,(C2-C20)alkenyl, (C2-C20)alkynyl, (Ci-C20)alkanoyl, (C,-

C20)alkoxycarbonyl aryl, or heteroaryl; and

20 wherein any aryl or heteroaryl is optionally substituted with one or more

(1, 2, 3, or 4) halo, mercapto, hydroxy, oxo, carboxy, cyano, nitro,

trifluoromethyl, trifluoromethoxy, (C 1-C20)alkanoyl, (C l -C20)alkanoyloxy, sulfo

or (Ci-C20)alkoxycarbonyl; or a salt thereof.

Specific and preferred values listed below for radicals, substituents, and

ranges, are for illustration only; they do not exclude other defined values or other

values within defined ranges for the radicals and substituents

Specifically, (CrC20)alkyI can be methyl, ethyl, propyl, isopropyl, butyl,

iso-butyl, sec-butyl, pentyl, 3-pentyl, or hexyl; (C3-C8)cycloalkyl can be

cyclopropyl, cyclobutyl, cyclopentyl, or cyclohexyl; (CrC20)alkoxy can be

methoxy, ethoxy, propoxy, isopropoxy, butoxy, iso-butoxy, sec-butoxy, pentoxy,

3-pentoxy, or hexyloxy; (C2-C20)alkenyl can be vinyl, allyl, 1-propenyl, 2-

propenyl, 1-butenyl, 2-butenyl, 3-butenyl, 1,-pentenyl, 2-pentenyl, 3-pentenyl, 4-.

pentenyl, 1- hexenyl, 2-hexenyl, 3-hexenyl, 4-hexenyl, or 5-hexenyl; (C2
-
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C2o)alkynyl can be ethynyl, 1-propynyl, 2-propynyl, 1-butynyl, 2-butynyl, 3-

butynyl, 1-pentynyl, 2-pentynyl, 3-pentynyl, 4-pentynyl, 1- hexynyl, 2-hexynyl,

3-hexynyl, 4-hexynyl, or 5-hexynyl; (Cj-C2o)alkanoyl can be acetyl, propanoyl

or butanoyl; (C
1
-C2o)alkoxycarbonyl can be methoxycarbonyl, ethoxycarbonyl,

5 propoxycarbonyl, isopropoxycarbonyl, butoxycarbonyl, pentoxycarbonyl, or

hexyloxycarbonyl; (C2-C2o)alkanoyloxy can be acetoxy, propanoyloxy,

butanoyloxy, isobutanoyloxy, pentanoyloxy, or hexanoyloxy; aryl can be phenyl,

indenyl, or naphthyl; and heteroaryl can be furyl, imidazolyl, triazolyl, triazinyl,

oxazoyl, isoxazoyl, thiazolyl, isothiazoyl, pyrazolyl, pyrrolyl, pyrazinyl,

10 tetrazolyl, pyridyl, (or its N-oxide), thienyl, pyrimidinyl (or its N-oxide), indolyl,

isoquinolyl (or its N-oxide) or quinolyl (or its N-oxide).

Specifically, Ri and R2 can each independently be hydrogen, (Cp

C2o)alkyl, (C3-C8)cycloalkyl,(C2-C2o)alkenyl, (C2-C2o)alkynyl, aryl, heteroaryl,

or NRaRt>; wherein Ra and Rb are each independently hydrogen, (Ci-C2o)alkyl,

15 (C3-C8)cycloalkyl,(C2-C2o)alkenyl, (Ci-C2o)alkanoyl, (Ci-C2o)alkoxycarbonyl,

(C2-C2o)alkyayl, aryl, or heteroaryl; wherein any (Ci-C2o)alkyl, (C3
-

C8)cycloalkyl, (Ci-C2o)alkoxy, (C2-C2o)alkenyl (CrC2o)alkanoyl, (Cr

C2o)alkoxycarbonyl, or (C2-C2o)alkynyl of Ri , R^ , Ra, and Rb is optionally

substituted with 1 or 2 halo, hydroxy, mercapto, oxo, thioxo, carboxy, (Ci-

20 C2o)alkanoyl, (Ci-C2o)alkoxycarbonyl, aryl, or heteroaryl; and wherein any aryl

or heteroaryl is optionally substituted with one or more halo, hydroxy, mercapto,

carboxy, cyano, nitro, trifluoromethyl, trifluoromethoxy, (Ci-C2o)alkanoyl, (Cr

C20)alkanoyloxy, sulfo or (Ci-C2o)aUkoxycarbonyL

SpeciiScally, Ri and R2 can each independently be hydrogen, (Q-

25 Cio)alkyl,(C2-Cio)alkenyl, (C2-Ci0)alkynyl, aryl, orNRaRb-

Specifically, Ri and R2 together with the carbon to which they are

attached can form a 5 or 6 membered saturated or unsaturated ring comprising

carbon and optionally comprising 1 or 2 heteroatoms selected from oxy (-0-),

thio (-S-), or nitrogen (-NRc)-, wherein said ring is optionally substituted with 1,

30 2, or 3 halo, hydroxy, oxo, thioxo, carboxy, (Ci-C2o)alkyl, (C3-Cs)cycloalkyl,

(C|-C20)alkoxy, (C|-C2o)alkanoyl, (Ci-C2o)alkoxycarbonyl, (C2-C2o)alkenyl, (C2
-

C20)alkynyl, aryl, or heteroaryl; wherein Rc is hydrogen, (Ci-C2o)alkyl, (Cy

C8)cycloalkyl,(C2-C2o)alkenyl, (Ci-C2o)alkanoyl, (Ci-C20)alkoxycarbonyl, (C2
-
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C20)alkynyl, aryl, heteroaryl; wherein any (Ci-C2o)alkyl, (C3-C2o)cycloalkyl, (Cr

C20)alkoxy, (C2-C20)alkenyl (Ci-C20)alkanoyl, (Ci-C20)alkoxycarbonyl 3 or (C2
-

C2o)alkynyl of Rj , R2 , and R* is optionally substituted with one or more halo,

hydroxy, mercapto, oxo, thioxo, carboxy, (Ci-C2o)alkanoyl, (Cr

5 C2o)alkoxycarbonyl, aryl, or heteroaryl; and wherein any aryl or heteroaryl is

optionally substituted with one or more halo, hydroxy, mercapto, carboxy, cyano,

nitro, trifluoromethyl, trifluoromethoxy, (Ci-C2o)alkanoyl, (CrC2o)alkanoyloxy,

sulfo or (Ci-C2o)alkoxycarbonyl.

Specifically, Ri and R2 can each independently be NR*Rb; wherein R*

10 and Rb are each independently hydrogen, (CrC2o)alkyl, (C3~C8)cycloalkyl, (C2-

C2o)alkenyl, (Ci-C2o)alkanoyl, (Cj-C2o)alkoxycarbonyl, (C2-C2o)alkynyl, aryl,

heteroaryl; wherein any (C|-C2o)alkyl, (C3-C8)cycloalkyl, (C2-C2o)alkenyl (Cr

C2o)alkanoyl, (Ci-C2o)alkoxycarbonyl, or (C2-C2o)alkynyl is optionally

substituted with one or more halo, hydroxy, mercapto, oxo, thioxo, carboxy, aryl,

15 or heteroaryl; and wherein any aryl or heteroaryl is optionally substituted with

one or more halo, hydroxy, mercapto, carboxy, cyano, nitro, trifluoromethyl,

trifluoromethoxy, (Ci-C2o)alkanoyl, (CrC2o)alkanoyloxy, sulfo or (Cr

C2o)alkoxycarbonyl

.

Specifically, Ri and R2 can each independently be amino, (Ci-C2o)alkyl,

20 (Ci-C2o)alkylamino, allylamino, 2-hydroxyethylamino, phenylamino, or 4-

thiazoylamino.

Specifically, Ri and R2 can each independently be amino, methyl,

allylamino, 2-hydroxyethylamino, phenylamino, or 4-thiazoylamino.

A specific value for R3 is (Ci-C20)alkyl optionally substituted with one or

25 more halo, mercapto oxo, thioxo, carboxy, (CpC2o)alkanoyl, (C t
-

C2o)alkoxycarbonyl, aryl, heteroaryl, or NRdR*.

A specific value for R3 is 2-aminoethyl, 2-amino-2-carboxyethyl, or 2-

acylamino-2~carboxyethyl.

A specific value for R4 is aryl, optionally substituted with one or more

30 halo, mercapto, hydroxy, oxo, carboxy, cyano, nitro, trifluoromethyl,

trifluoromethoxy, (CrC20)alkanoyl, (Ci-C2o)alkanoyloxy, sulfo or (Cr

C20)alkoxycarbonyL
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Specifically, R5 is (Ci-Cl0)alkyl, (C3-C6)cycloalkyl,(C2-Cio)alkenyl 5
(C2-

Cio)alkynyl, aryl, or heteroaryl; and R6 is hydrogen, (Ci-Cio)alkyl, (C3
-

C6)cycloalkyI,(C2-C| 0)aIkenyl, (C2-Ci0)alkynyl, aryl, or heteroaryl.

Specifically, R5 and R6 together withX form a heteroaryl

5 In one embodiment, the organic compound is not a polypeptide or protein

with one or more mercapto (C-SH) groups.

In one embodiment, the organic compound is not a compound that

includes one or more mercapto (C-SH) groups.

Preferred compounds are coenzyme A and DTT.

10 The compounds described hereinabove are available from commercial

sources or can be prepared from commercially available starting materials using

procedures that are known in the field of synthetic chemistry. For example, see

Jerry March, Advanced Organic Chemistry, 4th ed. Wiley-Interscience, John

Wiley and Sons, New York, 1992.

15 In cases where compounds are sufficiently basic or acidic to form stable

salts, use of the compounds as salts in the methods of the invention may be

appropriate. Examples of suitable salts include organic acid addition salts, for

example, tosylate, methanesulfonate, acetate, citrate, malonate, tartarate,

succinate, benzoate, ascorbate, cc-ketoglutarate, and oc-glycerophosphate salts.

20 Suitable inorganic salts may also be formed, including hydrochloride, sulfate,

nitrate, bicarbonate, and carbonate salts.

Salts can be obtained using standard procedures well known in the art,

for example by reacting a sufficiently basic compound with a suitable acid.

Alkali metal (for example, sodium, potassium or lithium) or alkaline earth metal

25 (for example calcium) salts can also be used.

When used in accord with the methods of the invention, the compounds

described herein can be present in a luminescence reaction at any effective

concentration. The optimum concentration of a given compound will depend on

the luminescent reagent(s) employed, and on the specific conditions under which

30 a given assay is carried out. However, suitable concentrations can be determined

using standard techniques that are available in the art.
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Specifically, the compound can be present in a luminescence reaction at a

concentration of at least about O.OluM, or at a concentration of at least about 0.1

uM, e.g., at least about 0.1 mM. More specifically, the compound can be

present in the luminescence reaction at a concentration in the range from about

5 0.1uM to about 500 mM (inclusive), or in the range from about .001 pM,

O.OluM, or O.luM to about 250 mM (inclusive). Preferably, the compound is

present at a concentration in the range from about .001 uM, 0.01 pM, 0. 1 uM, 1

uM or 10 uM to about 100 mM (inclusive).

Specifically, the assay can be performed in the presence of purified

10 enzymes, cell lystates or whole cells.

Specifically, the assay can be carried out in a solvent comprising at least

about 10% water. More specifically, the invention can be carried out in a

solvent comprising at least about 25% water, or at least about 40% water.

VII. Kits

15 The present invention also provides kits for detecting the presence or

activity of one or more molecules which are reagents for a reaction, enhance or

inhibit a reaction, or for detecting a condition, in a sample such as a sample

including intact cells, a cell lysate, e.g., a lysate which is at least partially

purified, or a cellular supernatant. In one embodiment, the kit includes a

20 derivative of the invention. For kits of the invention that include two or more of

the following, a derivative of luciferin or aminoluciferin, a derivative of a

fluorophore, another substrate, enzyme, or reaction mixture, each can be

contained in a separate container, some components may be combind in some

containers, or they can be contained in a single container. The kit can optionally

25 comprise a buffer solution suitable for use in an assay, and the derivative or

enzyme, and the buffer solution can optionally be contained in a single container.

Additionally, the derivative and the buffer solution can optionally be contained

in a single container. The kits can also optionally include a quenching agent for

a nonbioluminescent reaction.

30 DC. Exemplary Synthesis

A. Experimental Procedures for Luciferin Modifications

Included below are experimental procedures for syntheses of various

luciferin derivatives:
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I. General procedures for synthesizing esters of luciferins

II. D-cysteine or D-cystine esters

IE. Esters of luciferin methyl ether or luciferin-H

IV. Quinolinyl luciferin derivatives

V. Miscellaneous

I. General procedures for synthesizing luciferin esters

There are two ways of synthesizing esters of D-luciferin and derivatives,

including luciferin-H and quinolinyl luciferin: a) by direct cyclization of the

10 corresponding cyano group with D-cysteine or D-cystine esters, and b) by CsF-

promoted esterification with halogenated organic compounds, such as 3-

iodomethyl pyridine hydriodide (picolinyl iodide) or 3-iodopropanol.

A. Direct cyclization

Under this category, two D-cyteine esters are used, one is D-cyteine methyl ester

1 5 and the other is D-cystine 2-hydroxyethyl ester. The latter requires a reducing

agent before cyclization.

i) D-cyteine methyl ester

formula CXVI formula CXVII

R = OH. OCH3 , H
X = S, CH=CH

A derivative of 2-cyanobenzothiazole or 2-cyanoquinoline (1 equivalent) was

20 dissolved in methanol and was degassed with a gentle stream of nitrogen for 10

minutes. Meanwhile, D-cyteine methyl ester (1.5 equivalents) was dissolved in

water and its pH was adjusted to about 7. This solution was also degassed with a

gentle stream of nitrogen for 5 minutes. Then, the aqueous solution was added to

above organic solution dropwise and the resultant solution was stirred under

25 nitrogen for~30 minutes to a few hours depending on substrates. The reaction

was monitored by TLC with methanol in dichloromethane. After the completion

of the reaction, the mixture was filtered and was purified by HPLC. Typical

HPLC conditions are the following.

Column: Dynamax 60 A, 1 inch, 250 mm, reversed phase C-18 column
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10

Mobile phase A: water or 100 mM ammonium acetate, pH 7, or 0.1%

TFA in water

Mobile phase B: acetontrile

Flow rate: 20 mL/min

Detection wavelength: 300 nm

Gradient: from 100% A to 100% B, 30 minutes, and keep 100% B for 30

minutes.

The purified compound was then characterized by NMR, MS, UV-Vis, and

HPLC.

ii) D-cystine 2-hydroxyethyl ester

^
ii

1)TCEP,H20 9 o

formula CXIII Hzt(\°-^OH formula CXX

S^aw" formulaCXIX

The procedure of cyclization with D-cystine 2-hydroxyethyl ester is very similar

to D-cyteine methyl ester except 1 equivalent of tris(2-carboxyethyl)phosphine

1 5 hydroxhloride (TCEP) was added before pH adjustment.

B. CsF-promoted esterification

K
R' = alkyl, aromatic

R

formula CXXI
formula CXXII

R = OMe, OH, H
X = S, CH=CH

To a solution of luciferin or a derivative (1 equivalent) in DMF was added

20 cesium fluoride (1 .5 equivalents), followed by 3-iodomethyl pyridine hydriodide

or 3-iodopropanol (1.5 equivalents). After the resultant mixture was stirred at

room temperature for a few hours, monitored by TLC with methanol in

dichloromethane, the solution was concentrated down and water was added. The

mixture was then filtered through a 0.2 fj.m filter and was subjected to HPLC

25 purification using similar condition described above.

II. D-cysteine or D-cystine esters
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1 . Synthesis of2-hydroxyethyl ester ofD-cystine

formula CXXII! OH
O

formula CXXIV

To anhydrous ethylene glycol solution (10 mL) was charged D-cysteine

5 hydrochloride monohydrate (I g). A gentle stream of hydrochloride gas was

introduced to bubble the solution for 1 hour. The solution was then let stand over

night. Cold isopropyl alcohol (12.5 mL) was added slowly and the resultant

mixture was put at -20 °C for 1 hour. The white precipitates were then filtered,

washed with cold isopropyl alcohol, and pumped by maintaining the suction of

10 the filtrate cake. White crystals (595 mg) were obtained (yield: 52%).

lE NMR (DMSO-d6): 8.6-88 ppm (broad, 6 H), 4.35 ppm (broad singlet, 2

H), 4.20 ppm (m, 4 H), 3 .63 ppm (m, 4 H), 3.05 ppm (broad singlet, 4H)

ES
+
330.53 (M.W. 330.44)

15 2. Synthesis ofmethyl ester ofD-cysteine

To a methanol solution (100 mL) was charged D-cysteine hydrochloride

monohydrate (6 g). A gentle stream ofhydrochloride gas was introduced to

bubble the solution for 105 minutes. The solution was then stirred over night.

20 Then the solvent was then removed under vacuum. The white residue was

dissolved in hot methanol (25 mL) and 25 mL of isopropyl alcohol was added.

The mixture was put on a rotavap to remove some of the methanol until white

precipitates crashed out of the solution. The precipitates were put on ice briefly

and then filtered under vacuum, washed with cold isopropyl alcohol, and

25 pumped by maintaining the suction of the filtrate cake.

formula CXXV
formula CXXVI
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25

*H NMR (CD30D): 4.35 ppm (t, 1H), 3.85 ppm (s, 3H), 3.10 ppm (d, 2H)

III. Luciferin methyl ether esters

5 3 . Synthesis of2-hydroxyethyl ester ofluciferin methyl ether

a. By 2-hydroxyethyl ester of D-cystine

© 9

) 1)TCEP,H20 9 0H

H n
/ y°n/nqh

formula CXXVII *® « '

formula CXXVIII

2-cyano-6-methoxybenzothiazole (100 mg, 0.526 mmol) was dissolved

in methanol (20 mL) and the resultant solution was degassed with a gentle

10 stream of nitrogen for 10 minutes.

To a solution of 2-hydroxyethyl ester of D-cysteine (87 mg, 0.263 mmol)

in water (10 mL) was added tris(2-carboxyethyl)phosphine hydroxhloride

(TCEP) (77 mg, 0.263 mmol). The pH of this solution was adjusted to about 7

with 1 M potassium carbonate. The resultant solution was added to

15 aforementioned solution dropwise and the mixture was stirred for 30 minutes.

The precipitates were filtered out through a 0.2 u*m filter and the filtrate was

purified by semi-preparative HPLC (see general procedure: Mobile phase A:

water). 102 mg of pure compound was obtained (Yield: 52%).

lH NMR (CD3CN): 8.0 ppm (d, 1H), 7.55 ppm (d, 1H), 7.20 ppm (dd, 1H),

20 5.42 ppm (t, 1H), 4.25 ppm (m, 2H), 3.75 ppm (m, 4H)

MS: ES
+
338.58 (M.W. 338.40)

Extinction coefficient: 16,630 (at 325 nm in acetonitrile)

By ethylene glycol

.OH

formula CXXIX formu,a CXXX

To a solution of luciferin methyl ether (100 mg, 0.34 mmol) in anhydrous

ethylene glycol (4 mL) in a 5 mL Schlenk flask was introduced a gentle stream
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ofhydrochloride gas. After 5 minutes of bubbling, the flask was sealed and put

into an oil bath of 62 °C for 3 hours. The HC1 bubbling was repeated for another

5 minutes and put back into the oil bath for another 1 hour. After the solution

was cooled to room temperature, water (6 mL) was added and the resultant

mixture was filtered and purified with semi-preparative HPLC (see general

procedure: Mobile phase A: water).

4. Synthesis of2-hydroxy ethyl ester ofluciferin-H

H3N NX0
^/OH

J 1)TCEP,H20 9 OH
N S 2) MeOH, K2C03, pH7

formula CXXXt H^ jf
0x^OH

formula CXXXIll

formula CXXXil

10 This compound was synthesized in a similar way to procedure described in

section 3 a.

'H NMR (CD3CN): 8.15 ppm (m5 2H), 7.60 ppm (m, 2H), 5.45 ppm (t,

1H), 4.25 ppm (m, 2H), 3.75 ppm (m, 4H), 1.95 ppm (t, 1H)

MS: ES
+
308.58 (M.W. 308.38)

15 Extinction coefficient: 14,050 (at 294 nm in acetonitrile)

5 . Synthesis ofm-picolinyl ester ofluciferin methyl ether

formula CXXXIV r , r ,

formula CXXXV formula CXXXVI

20 To a solution of luciferin methyl ether (215 mg, 0.73 mmol) in DMF (35 mL)

was added cesium fluoride (1 70 mg, 1 . 1 mmol), followed by 3-iodomethyl

pyridine hydriodide (380 mg, 1.1 mmol). After the resultant mixture was stirred

at room temperature for 3 hours and twenty minutes, the solution was

concentrated down to about 10 mL and 6 mL of water was added. The mixture

25 was filtered through a 0.2 \im filter and was subjected to HPLC purification (see

general procedure: Mobile phase A: 0.1% TFA in water).
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57 mg ofpure compound was obtained.

*H NMR (CD3CN): 8.62 ppm (s, 1H), 8.54 ppm (d, 1H), 7.96 ppm (d,

1H), 7.84 ppm (d, 1H), 7.56 ppm (d, 1 H), 7.41 ppm (m, 1H), 7.20 ppm

(dd, 1H)

5 MS: ES
+
385.77 (M.W. 385.46)

6. Synthesis ofm-picolinyl ester ofluciferin

formula CXXXVl formula CXXXVIII formula CXXXIX

To a solution of luciferin mono potassium salt ( 51 mg, 0.16 mmol) in DMF (10

1 0 mL) was added cesium fluoride (24 mg, 0. 1 6 mmol), followed by 3-

bromomethyl pyridine hydrobromide (44 mg, 0.17 mmol). After 16 hours of

reaction at room temperature, the solvent was stripped away under vacuum. The

residue was then dissolved in 10 mL of60% DMF in water. The resultant

solution was filtered through an 0.2 urn filter and was subjected to HPLC

15 purification (see general procedure: Mobile phase A: water). 8.6 mg ofpure

compound was obtained.

lHNMR (CD30D-D20): 8.58 ppm (s, 1H), 8.50 ppm (d, 1H), 7.90 ppm

(d, 1H, 7.85 ppm (dd, 1H), 7.42 ppm (dd, 1H), 7.40 ppm (s, 1H), 7.10

ppm (dd, 1H), 5.45 ppm (t, 1H), 5.25 ppm (s, 2H), 3.75 ppm (m, 2H)

20 MS: ES
+

: 371.65 (M.W. 371)

UV-Vis: 263 run and 334 nm

7. Synthesis ofm-picolinyl ester ofluciferin-H

formula CXXXX formula CXXXXI -
formula CXXXXII

25

This compound was synthesized and purified in a similar fashion to the synthesis

of m-picolinyl ester of luciferin methyl ether using luciferin-H as starting

material.

13 mg ofpure compound was obtained.
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'HNMR (CD3CN-D20): 8.60 ppm (s, 1H), 8.52 ppm (d, 1H), 8.10 ppm

(m, 2H), 7.85 ppm (m, 1H), 7.59 ppm (m, 2H), 7.42 ppm (m, 1H), 5.50 ppm

(t, 1H), 5.28 ppm (s, 2H), 3.79 ppm (m, 2H)

MS: ES
+
355. 54 and 711.36 (dimer) (M.W. 355.43)

8. Synthesis of3-hydroxypropyl ester ofluciferin methyl ether

OH

formula CXXXXIII formula CXXXIV formula CXXXXV

This compound was synthesized in a similar way to m-picolinyl ester of luciferin

10 methyl ether using luciferin methyl ether and 3-iodopropanol as starting

materials.

!H NMR (CD30D): 7.95 ppm (d, 1H), 7.55 ppm (d, 1H), 7.18 ppm (dd,

1H), 5.41 ppm (t, 1H), 4.35 ppm (t, 2H), 3.92 ppm (s, 3H), 3.75 ppm (dd,

2H), 3.65 ppm (t, 2H), 1.92 ppm (m, 2H)

15 MS: ES
+

: 352.70 (M.W. 352.43)

UV-Vis: 330 nm and 264 nm.

IV. Quinolinyl luciferin derivatives

20 9. Synthesis of2-hydroxy ester ofquinolinyl luciferin-H

®w pi

1)TCEP,H20
1^v^ \ _ ^OH

S 2) MeOH, K2C03, pH7

formula CXXXXVI H3N" Y'°
V'^OH

O
formula CXXXXVI!

.V
A solution of 2-cyanoquinoline (50 mg, 0.32 mmol) in l 5

4-dioxane (5 mL) was

degassed for 5 minutes by passing through a gentle stream of nitrogen gas.

25 Cystine 2-hydroxyethyl ester hydrochloride (53 mg, 0. 16 mmol) in water (5 mL)

was treated with tris(2-carboxyethyl)phosphine hydrochloride (46 mg, 0.16

mmol). The pH of this solution was adjusted to about 7 with 1 M potassium

carbonate. It was then added dropwise to the solution of 2-cyanoquinoline. The
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10

resultant solution was stirred at room temperature for 7.5 hours and was purified

in a similar way to m-picolinyl ester of luciferin (see general procedure: Mobile

phase A: water). 13 mg of pure compound was obtained (yield: 26.7%)

*H NMR (CD3-OD-D20): 8.40 ppm (d,lH), 8.15 ppm (d, 1H), 8.10 ppm

(d, 1H), 7.95 ppm (d, 1H), 7.82 ppm (m, 1H), 7.68 ppm (m, 1H), 5.53 ppm (t,

1H), 4.25 ppm (m, 2H), 3.75 ppm (m, 2H), 3.65 pppm (m, 2H)

MS: ES
+

: 302.35, 324.47 (M.W. 302.35)

UV-Vis: 247 nm and 295 nm.

Extinction coefficient: 7,500 (at 288 nm in acetonitrile)

10. Synthesis ofquinolinyl luciferin-H

Bz-CI,KCN r^V^l D"cys

ii J Uwn—

-

%
formula CL

formula CXXXXIX

a. 2-cyanoquinoline

To a solution of quinoline N-oxide (2g, 13.8 mmol) was added benzoyl chloride

15 (2.6 mL, 22.0 mmol), followed by water (20 mL). Then, a solution ofpotassium

cyanide (3.6 g, 55.1 mmol) in water (80 mL) was added slowly over a period of

15 minutes with vigorous stirring. Dioxane (15 mL) was added to help the

solubility. After the mixture was stirred at RT for 2.5 hours, it was extracted with

equal volume of dichloromethane three times. The organic layer was dried over

20 anhydrous sodium sulfate and the solvent was removed under vacuum. The

residue was then purified by flash chromatography with 30% of ethyl acetate in

hexane. 2.1 g of product was obtained (yield: 100%).

NMR (CDCB): 8.32 ppm (d, 1H), 8.18 ppm (d, 1H), 7.85 ppm (m, 2H),

7.65 ppm (m, 2H)

25 ES
+

: 152.44 (M.W. 154.16)

b. Quinolinyl luciferin-H

2-cyanoquinoline (51 mg, 0.33 mmol) was dissolved in 10 mL of methanol and

the resultant solution was degassed with a gentle stream of nitrogen for 10

30 minutes. Meanwhile D-cysteine hydrochloride monohydrate (90 mg, 0.51 mmol)
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was dissolved in 5 mL of water and the pH of the resultant solution was adjusted

to about 7. It was then degassed with a gentle stream of nitrogen for 5 minutes.

The aqueous solution was then added to the organic solution and the resultant

mixture was stirred under nitrogen for 4 hours. It was then purified by

5 seinipreparative HPLC (see general procedure: Mobile phase A; 0. 1% TFA in

water).

NMR: characteristic peaks: 5.45 ppm (t, 1H), 3.68 ppm (m, 2H)

ES
+

: 257.83 (M.W. 256.28)

UV-Vis: 295 nm

10 Extinction coefficient: 28,530 (at 242 nm in methanol)

11. Synthesis ofnaphthyl luciferin methyl ether

D-cysteine 0
T T I

formula CLI

formula CLII

Starting with commercially available 6-methoxy-2-naphthonitrile, this

15 compound was synthesized in one step similar to quinolinyl luciferin-H.

NMR (CD3CN): 8.29 ppm (s, 1H)
3
8.05 ppm (dd, 1H), 7.94 ppm (d, 1H)

3

7.86 ppm (d, 1H), 7.36 ppm (d, 1H), 7.25 ppm (dd, 1H), 5.35 ppm (t, 1H),

3.95 ppm (s, 3H), 3.75 ppm (m, 2H)

ES
+

: 288.23 (M.W. 287.33)

20 UV-Vis: 253 nm, 279 nm, 315 nm, 339 nm.

12. Synthesis ofmethyl ester of6 '-hydroxyquinolinyl luciferin methyl ether

, i I

N
S-

formula CLV

a. 6' -hydroxyquinolinyl luciferin methyl ether

formula CLVI

25 This compound was synthesized in a similar fashion to quinolinyl luciferin-H

starting with 2-cyano-6-methoxyquinoline and D-cysteine.

NMR (CD3CN): 8.35 ppm (d, 1H), 8.16 ppm (d, 1H), 8.03 ppm (d, 1H),

7.52 ppm (dd, 1H), 7.38 ppm (d, 1H), 5.45 ppm (t, 1H), 3.97 ppm (s, 3H), 3.75

ppm (m, 2H)
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10

15

20

ES
+

: 289.33 (288.32)

UV-Vis: 343 nm, 329 nm
3
261 nm.

Extinction coefficient

b. methyl ester of 6-hydroxyquinolinyl luciferin methyl ether (881-

To a mixture of 3 mL of40% KOH solution and 1 0 mL of ethyl ether on ice was

added N-nitroso-N-methylurea (1 g, 9.7 mmol) in portions over a period of 5

minutes. Once the bubbling died down, the yellow top layer was carefully

decanted into an Erlenmyer flask with a few potassium hydroxide pellets. The

mixture was let stand on ice for 1 hour.

To a solution of 6-hydroxyquinolinyl luciferin methyl ether (19.5 mg,

0.068 mmol) in 10 mL of anhydrous THF was added dropwise the diazomethane

solution made above using a fire-polished glass pipet until the yellow color

persisted. 5 drops of acetic acid was added to quench the excess diazomethane.

The solvent was removed under reduced pressure and the residue was dissolved

in 40% water in acetonitrile and was purified by semipreparative HPLC (see

general procedure: Mobile phase A: water).

NMR (CD3CN): 8.25 ppm (d, 1H), 8. 14 ppm (d5
1H), 7.96 ppm (d, 1H),

7.45 ppm (dd, 1H), 7.36 ppm (d, 1H), 5.42 ppm (t, 1H), 3.95 ppm (s, 3H), 3.80

ppm (s, 3H), 3.65 ppm (m, 3H)

ES
+

: 303.49 (M.W. 302.35)

UV-Vis: 249 nm, 265 nm, 326 nm, 341 nm

13. Synthesis of6-hydroxyquinolinyl luciferin (standard quinolinyl luciferin)

This compound was synthesized according to literature procedures.

92)

o. l)mCPBA On^S^ Pigging HO^^ ^"VY^I
N 2) Bz-CI, KCN .N^COOH

formula CLVIl
formula CLVIII formula CLIX

14. Synthesis of8-hydroxyquinolinyl luciferin
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D-cystein^

OH S~

formula CLXI
formula CLXU

This compound was synthesized in a similar way to quinolinyl luciferin-H with

commercially available 2-cyano-8-hydroxyquinoline and D-cysteine as starting

materials.

15. Synthesis of6-aminoquinolinyl luciferin

A 75 C S —s
formula CLXltl

formula CDX formula CLXX formula CLXXJ formula CLXXH

a. 6-amino-2-cyanoquinoline

10 This compound was synthesized according to a literature procedure (see WO

03/096980 A2).

b. 6-aminoquinolinyl luciferin

6-amino-2-cyanoquinoline (100 mg, 0.59 mmol) was dissolved in 35 mL of

1 5 methanol and the resultant solution was degassed with a gentle stream of

nitrogen for 10 minutes. Meanwhile, D-cysteine hydrochloride monohydrate

(130 mg, 0.74 mmol) was dissolved in 15 mL of water and the resultant solution

was degassed with a gentle stream of nitrogen for 5 minutes. The aqueous

solution was then added to the organic solution and the resultant mixture was

20 stirred under nitrogen for 4 hours. The volume of the solution was reduced under

vacuum and it was then purified by semipreparative HPLC with and acetonitrile

(see general procedure: Mobile phase A: 100mM NHUAc, pH7).

NMR (CD3CN): 8.25 ppm (d, 1H), 7.95 ppm (m, 2H), 7.46 ppm (dd,

1H), 7.06 ppm (s, 1H), 5.53 ppm (t, 1H), 3.96 ppm (m, 2H)

25 ES
+

: 274.67 (M.W. 273.31)

UV-Vis: 268 nm, 330 nm, and 373 nm.

Extinction coefficient: 15, 320 (at 224 nm in MeOH), 13,020 (at 274 nm

inMeOH)

30 16. Synthesis ofquinolinyl luciferin benzyloxymethyl ether
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o

TV

fomuiia CLXXIII focmutaCUOOVl
lomatoCUOCV

formula CLXXV1

a. 2-cyano-6-benzyloxymethyl quinoline

To a solution of 2-cyano-6-hydroxyquinoline (100 mg) in 10 mL of

acetone was added potassium carbonate (122 mg). After stirring at RT for three

5 minutes, the solution was put on ice. Benzyl chloromethyl ether (122 \xL) was

added through a needle and the resultant solution was stirred on ice for 2 hours.

The solvent was then removed under vacuum and the residue was purified by

flash chromatography with dichloromethane. 157 mg was obtained.

NMR (CDC13): 8.18 ppm (d, 1H), 8.12 ppm (d, 1H), 7.65 ppm (d, 1H),

10 7.56 ppm (dd, 1H), 7.45 ppm (d, 1H), 7.34 ppm (m, 5H), 5.44 ppm (s,

2H), 4.76 ppm (s, 2H)

ES+
: 293.89 (M.W. 290.11)

UV-Vis: 250 nm, 325 am, and 336 nm.

15 b. quinoiinyl luciferin benzyloxymethyl ether

To a solution of 2-cyano-6-benzyloxymethyl quinoline (75 mg, 0.259

mmol) in 10 mL ofmethanol was added D-cysteine hydrochloride monohydrate

(55 mg, 0.31 mmol). Triethylamine (44 uL) was added dropwise through a

needle. The solution became turbid in about one minute and 3 mL of water was

20 added to make it clear. The resultant solution was stirred at RT for 4 hours. Then,

the solution was purified by HPLC (see general procedure: Mobile phase A:

0.1% TFA in water). 37.1 mg ofproduct was obtained.

NMR (CD3CN): 8.28 ppm (d, 1H)
3
8.17 ppm (d, 1H) 3

8.03 ppm (d, 1H),

7.55 ppm (m, 4H), 7.33 ppm (m 5H), 5.49 ppm (s, 3H), 5.44 ppm (t, 1H),

25 4.78 ppm (s, 3H), 3.63 ppm (m, 2H)

ES
+

: 396.03 (M.W. 394.14)

UV-Vis: 256 nm, 324 nm and 336 nm

Extinction coefficient: 10,000 (at 323 nm in acetonitrile), 8,770 (at 338

nm in acetonitrile)

30
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V. Miscellaneous

17. Synthesis ofhydrazide ofluciferin methyl ether

formula CLXXVll
formula CLXXVllll formula CUOC1X

5 a. N'-tert-butoxycarbonyl hydrazide of luciferin methyl ether

To a suspension solution ofluciferin methyl ether (100 mg, 0.34 mmol) in

anhydrous THF (5 mL) was added N,N'-diisopropylcarbodiimide (DIC) (130 ^L,

0.84 mmol) and a solution ofHOBt (1 10 mg, 0.72 mmol) in anhydrous THF (2

mL) through needles. A solution of tert-butyl carbazate (100 mg, 0.75 mmol) in

10 anhydrous THF (3 mL) was then added. The resultant mixture was stirred in an

atmosphere of nitrogen for 29 hours and the solvent was stripped away under

vacuum. The residue was purified by flash chromatography with 1% methanol in

dichloromethane. 139 mg ofproduct was obtained (100% yield).

*HNMR (CD2C12): 8.30 ppm (broad, 1H), 8.00 ppm (d, 1H), 7.40 ppm

15 (d, 1H), 7.17 ppm (dd, 1H), 6.56 ppm (broad, 1H), 5.35 ppm (m, 1H), 3.90

ppm (s, 3H), 3.80 ppm (m, 2H), 1.48 ppm (s, 9H)

b. Hydrazide of luciferin methyl ether

N'-tert-butoxycarbonyl hydrazide of luciferin methyl ether was treated with TFA

20 (10 mL) in the presence of 6 drops of triisopropylsilane (TIS) for 70 minutes.

TFA was then removed under vacuum and the residue was dissolved in 10 mL of

1:1:1 mixture of water:acetomtrile:DMF. HPLC purification condition was

similar to the procedure for synthesis ofm-picolinyl ester ofluciferin (see

general procedure: Mobile phase A: 0.1% TFA in water). 64 mg ofpure

25 compound was obtained.

*HNMR (CD30D): 7.98 ppm (d, 1H), 7.56 ppm (d
3
1H)> 7.19 ppm (dd,

- 1H), 5.35 ppm (t, 1H), 3.90 ppm (s
s
3H), 3.75 ppm (m, 2H)

ES
+

: 308.36 (M.W. 308.38)

UV-vis: 33 1 nm, 267 nm

30 Extinction coefficient: 6,000 (at 329 nm in acetonitrile- water mixture)

18. Synthesis ofhydrazide ofluciferin
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This compound was synthesized in a similar way to the hydrazide of luciferin

methyl ether.

jO:HA5jCckA"'-^-JOCH/iV*
formula CLXXXI1

formula CLXXX formula CUOCXI

a. N'-tert-butoxycarbonyl hydrazide of luciferin

5 *H NMR (CDC13): 7.81 ppm (d, 1H), 7.18 ppm (d, 1H), 6.93 ppm (dd,

1H), 5.20 ppm (m, 1H)
5
3.63 ppm (m, 2H), 1.33 ppm (s, 9H)

ES
+

: 396.75 (M.W. 394.35)

b. Hydrazide of luciferin

10 *H NMR (DMF-d7): 9.52 ppm (broad, 1H), 8.15 ppm (d, 1H), 7.73 ppm

(d, 1H), 7.33 ppm (dd, 1H), 5.47 ppm (t, 1H), 4.63 ppm (broad, 2H), 3.91

ppm (m, 2H)

MS: ES
+

: 295.53 (M.W. 294.36)

UV-vis: 148 run and 293 run

15 Extinction coefficient: 16,900 (at 327 nm in acetonitrile)

19. Synthesis ofluciferin 3-(4-phenylpiperazin-1-yl)methy/benzyl ether

'OH

a. 2-cyano-6-(3-bromomethylbenzyloxy)benzothiazole

To a solution of 2-cyano-6-hydroxybenzothiazole (1.04 g) in 30 mL of acetone

was added potassium carbonate (1.63 g), followed by a, a'-dibromo-m-xylene
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10

(4.7 g). The resultant solution was stirred at RT for 1 hour and the solvent was

removed under reduced pressure. The residue was resuspended in

dichloromethane and washed with water. The aqueous phase was extracted with

more dichloromethane (2x) and the organic extracts were combined, dried over

sodium sulfate, and purified by flash chromatography using dichloromethane.

1 .945 g of product was obtained.

]H NMR (CDC13): 8.15 ppm (d, 1H), 8.44 ppm (d, 1H), 8.40 ppm (m,

4H), 7.20-7.30 ppm (m, 2H), 5.16 ppm (s, 2H), 5.52 ppm (s, 2H)

ES
+

: 362.60 (Br isotope effect seen) (M.W. 359.24)

b. 2-cyano-6-[3-(4-phenylpiperazin-l-

yl)methylbenzyloxy]benzothiazole

To a solution of 2-cyano-6-(3-bromomethylbenzyloxy)benzothiazole (1 g, 2.8

mmol) in 20 mL of dichloromethane was added 1-phenylpiperazine (1 .7 mL,

15 1 1.2 mmol) dropwise. The resultant solution was stirred at RT for 30 minutes.

Then, 20 mL of saturated sodium bicarbonate solution was added. After partition,

the aqueous phase was extracted with 20 mL of dichloromethane. The organic

extracts were combined, washed with water twice and dried over sodium sulfate.

The solvent was removed and the residue was purified by flash chromatography

20 using 1% methanol in dichloromethane. 594 mg ofproduct was obtained.

jH NMR (CDC13): 8.09 ppm (d, 1H), 7.47 ppm (broad, 1H), 7.43 ppm (d,

1H), 7.37 ppm (m, 2H), 7.34 ppm (d, 1H), 7.30 ppm (m, 1H), 7.26 ppm (d,

1H), 7.24 ppm (m3 1H), 6.92 ppm (d, 2H), 6.86 ppm (m, 1H), 5.18 ppm (s,

2H), 3.20 ppm (m, 4H), 2.63 ppm (m, 4H)

25

c. Luciferin 3-(4-phenylpiperazin-l-yl)methylbenzyl ether

This compound was synthesized with 594 mg of 2-cyano-6-[3-(4-

phenylpiperazin-l-yl)methylbenzyloxy]benzothiazole and 147 mg of D-cysteine

hydrochloride monohydrate according to a procedure similar to 6-

30 amiaoquinolinyl luciferin except DMF was used as solvent for 2-cyano-6-[3-(4-

phenylpiperazin-l-yl)methylbenzyloxy]benzothiazole due to its poor solubility

in methanol. The reaction mixture was purified by HPLC (see general procedure:

Mobile phase A: 0. 1% TFA in water). 282 mg of product was obtained.
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5

!H NMR (CD3CN): 7.95 ppm (d, 1H), 7.40-7.60 ppm (m, 5 H), 7.25

ppm (m, 3H), 7.26 ppm (t, 1H), 7.23 ppm (s, 2H), 4.27 ppm (s, 2H), 3.70

ppm (m, 2H), 3.20-3.30 ppm (broad, 8H)

ES
+

: 546.03 (M.W. 544.69)

UV-vis: 268 nm and 328 nm

Extinction coefficient: 16,380 (at 324 nm in acetonitrile)

20. Synthesis ofluciferin o-trifluoromethylbenzyl ether

O

10 a. 2-cyano-6-(2-txifluoromethylbenzyloxy)beiizothiazole

To a solution of 2-cyano-6-hydroxybenzothiazole (100 mg, 0.568 mmol) in 10

mL of acetone was added potassium carbonate (157 mg, 1.14 mmol), followed

by 2-(trifluoromethyl)benzyl bromide (204 mg, 0.852 mmol). The mixture was

then stirred at RT for about 5 hrs. The solvent was then removed under reduced

1 5 pressure and the residue was dissolved in dichloromethane. The resultant

solution was then extracted with dichloromethane. The organic phase was dried

over sodium sulfate and purified by flash chromatography using

dichloromethane. 148 mg of product was obtained.

20 7.48 ppm (t, 1H), 7. 41 ppm (d, 1H), 7.34 ppm (dd, 1H), 5.28 ppm (s, 2H)

25 This compound was synthesized in a similar way to 6-aminoquinolinyl luciferin

with 150 mg of 2-cyano-6-(2-trifluoromethylbezyloxy)benzothiazole and 120

mg of D-cysteine hydrochloride monohydrate. The mixture was purified HPLC

(see general procedure: Mobile phase A: 0.1% TFA in water). 55 mg of product

was obtained.

lHNMR (CDC13):8.12 ppm (d, 1H), 7.75 ppm (d, 2H), 7.60 ppm (t, 1H),

19FNMR(CDC13):61ppm

MS: ES
+

: 335.74 (M.W. 334.32)

b. Luciferin 2-trifluoromethylbenzyl ether
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*HNMR (CD3CN): 8.03 ppm (d, 1H), 7.82 ppm (d, 1H), 7.70 ppm (t,

1H), 7.65 ppm (d, 1H), 7.58 ppm (t, 1H), 7.36 ppm (dd, 1H), 5.40 ppm (t,

1H), 5.39 ppm (s, 2H), 3.75 ppm (d, 2H)

ES
+

: 440 (M.W. 438.44)

UV-vis: 267 nm and 325 nm

Extinction coefficient: 13,940 at 323 nm

21. Synthesis ofluciferin 2, 4,6-trimethylphenyl ether
p

OH

formula
formula nxxxxm formula formula
CLXXXXII

ULAAXXHI
CLXXXXIV CLXXXXV

10 a. 2-cyano-6-(2,4,6-trimethylbenzyloxy)beii20thiazole

This compound was synthesized in a similar way to 2-cyano-6-(2-

trifluoromethylbenzyloxy)benzothiazole with a2
-chloroisodurene (100 mg,

0.852 mmol). 168 mg product was obtained.

*HNMR (CDC13): 8.18 ppm (d, 1H), 7.52 ppm (d, 1H), 7.30 ppm (dd,

15 1H), 6.94 ppm (s, 2H), 5.09 ppm (s, 2H)

ES": 264.10 (M.W. 263.78)

b. Luciferin 6-(2,4,6-trimethylbenzyl) ether

This compound was synthesized in a similar way to 2-cyano-6-(2-

20 trifluoromethylbenzyloxy)benzothiazole with 2-cyano-6-(2 )
4,6-

trimethylbenzyloxy)benzothiazole (80 mg, 0.303 mmol). It was then purified by

HPLC (see general procedure: Mobile phase A: 0. 1% TFA in water). 82 mg of

product was obtained.

*HNMR (CD3CN): 7.98 ppm (d, 1H), 7.65 ppm (d, 1H), 7.22 ppm (dd,

25 1H), 6.92 ppm (s, 2H), 5.40 ppm (t, 1H), 5.12 ppm (s, 2H), 3.75 ppm (d,

2H), 2.32 ppm (s, 6H), 2.28 ppm (s, 3H)

ES
+

: 414 (M.W. 412.53)

UV-vis: 268 nm and 329 nm

Extinction coefficient: 18,240 at 323 nm

30
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22. Synthesis ofN-methylephedrine-linker-luciferin (X-O, Y = H) orN-

meihylephedrine-linker-luciferin (X=NHt
7= CI)

These compounds were synthesized toward linking an enzyme-specific substrate

to luciferin through a linker. In this case, the enzyme is a P450 isozyme, but in

5 general, is useful with other enzymes as well.

Compound B was synthesized under Mitsunobu reaction conditions using

diisopropylazodicarboxylate and triphosphine in THF. It was then reduced by

NaBHU in methanol to produce compound C.

10

Compound D (X = O for luciferin and X -NH for aminoluciferin) was

synthesized separately with corresponding benzothiazole and p-nitrophenyl

chloroformate. It was then coupled to compound C under basic condition and a

standard D-cysteine cyclization generated the product as shown above.

15 C. Syntheses for Representative Luciferin Derivatives

Syntheses for luciferin derivatives described in some of the examples above are

provided below.

I. Bioluminogenic MAO substrates

20 A.

,COOH

formula CCI
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6-(3-Dimethylaminopropoxy)luciferin.

jT^V"CN M^al/Acetone ^X^Cj^CN K2C0^ jP^V//Ny^COOH

HS
j

CCI

Synthesis of 6-(3-dimethylarainopropoxy)-2-cyanobenzoth!Ozole. The

5 mixture of 6-hydroxy-2-cyanobenzothiozole (0.3 1 1 g, 1 .77 mmol), 3-

chloropropyldimethylamine hydrochloride (0.36 g, 2.27 mmol), potassium

carbonate (0.63 g, 4.57 mmol) and sodium iodide (0.034 g) in acetone (30 ml)

was heated to reflux overnight. Upon cooling to room temperature, the insoluble

solid was removed by filtration. The compound was purified by flash

10 chromatography using methylene chloride/methanol (96:4) as eluent in a yield of

86% (0.387 g).

'HNMR (CD2C12): 7.98 (d, J= 9.3 Hz, 1H), 7.32 (d, J= 2.4 Hz, 1H), 7.16 (dd, J

= 9.0 Hz, 7= 2.1 Hz, 1H), 4.04 (t, /= 6.4 Hz, 2H, OCH2), 2.36 (t, /- 7.2 Hz, 2H,

NCH2), 2.13 (s, 6H, CH3), 1.90 (m, 2H, CH2).

15 Synthesis ofMAO-1. To the solution of dimethylamine (0.235 g, 0.90

mmol) and D-cystine (0.1 58g, 0.90 mmol) in methanol (5ml), CH2C12 (1 ml) and

H20 (1 ml) was added K2C03 (0.125 g, 0.90 mol). The mixture was stirred at

room temperature for 5 min and then neutralized to slightly acidic condition.

After removal of organic solvent, the product was purified by HPLC using

20 0. 1%TFA water/acetonitrile as eleuent.

*HNMR (CD2C12): 7.90 (d, 1H), 7.23 (s, 1H), 7.04 (d, 1H), 5.37 (t, 1H,

CHCOO), 4.10 (t, 2H, OCH2), 3.79 (m, 2H, CH2), 3.32 (t, 2H, CH2N), 2.97 (s,

6H, CH3 ), 2.30 (m, 2H, CH2). MS (ES): m/e (M+), 365

25 B.

.COOH

NH2
MAO-3

formula CCII
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20

6-Aminopropoxyiuciferin, 6-(3-Dimetiiylaminopropoxy)luciferin.

CI
v NH

rf^V-l ,N^>.COOH

H2N^COOH

J

L-^NH2

HS MAO-3
CCII

The compound MAO-3 was synthesized by employing the similar

method used for the synthesis ofMA0-1. Except that amino group was

protected by t-BOC and de-protected after alkylation of 6-hydroxyl-2-

cyanobenzothiozoie. The final compound was precipitated out from the reaction

1 0 solution and collected by filtration, washed with water and methanol.

!H NMR (d6-DMSO/TFA): 8.04 (d, 1H), 7.75 (s, 1H), 719 (d, 1H), 5.40 (t, 1H,

CHCOO), 4.08 (t, 2H, OCH2), 3.6-3.8 (m, 2H, CH2), 3.0 (m3 2H, CH2N), 2.05

(m, 2H, CH2). MS (ES): m/e (M+), 337. A™x 328 nm, 15,500 cmf'M"
1

in

water.

15

formula CCIII

5-fluoro-6-aminopropoxy-luciferin.
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HS MAO-4

CCIII

The compound MAO-4 was synthesized by employing the similar

method for the synthesis ofMAO-3.

5

!H NMR (d6-DMSO/TFA): 8.07 (d, 1H), 7.97 (d5
1H), 5.41 (t, 1H, CHCOO),

4.24 (t, 2H, OCH2), 3.6-3.8 (m, 2H, CH2) 3
3.0 (m, 2H, CH2N), 2.08 (m, 2H,

CH2). MS (ES): m/e (M+l), 355 X.max 326 nm, 6max 15,600 cm"
1^ 1

in water.

10 D.

kCOOH

formula CCIV

1 5 6-methylaminopropoxy-luciferin.

124



WO 2006/130551 PCI7US2006/020731

CCIV

The compound MAO-5 was synthesized by employing the similar

method used for the synthesis ofMAO-3.

*H NMR (d6-DMSO/TFA): 8.04 (d, 1H), 7.74 (d, 1H), 7.19 (dd, 1H), 5.40 (t, 1H,

5 CHCOO), 4.16 (t, 2H, OCH2), 3.6-3.8 (m, 2H, CH2), 3.07 (m, 2H, CH2N), 2.59

(t, 3H, NCH3), 2.07 (m, 2H, CH2). MS (ES): m/e (M+l), 351.W 328 nm, Om
17,500 cm'

lM~ l

in water

E.

,COOH

s MAO-6

H

formula CCV

5-fluoro-6-methylaminopropoxy-luciferin.

15
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The compound MAO-6 was synthesized by employing the similar

method used for the synthesis ofMAO-3.

5
lHNMR (d6-DMSO/TFA): 8.08 (d, 1H), 7.98 (d, 1H), 5.41 (t, 1H, CHCOO),

4.24 (t, 2H, OCH2), 3.6-3.8 (m, 2H, CH2), 3.08 (m, 2H, CH2N), 2.59 (t, 3H,

NCH3), 2.11 (m, 2H, CH2). MS (ES): m/e (M+l)
3
369

6-(3-methylaminopropoxy)quinolinyl-luciferin.
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CCVI

The compound MAO-7 was synthesized by using 6-hydoxyl-2-

cyanoquinoline as starting material and by employing the similar method used

5 for the synthesis ofMAO-3.
!H NMR (d6-DMSO/TFA): 8.37 (d,/= 8.7 Hz), 8.13 (d, /= 9.2 Hz, 1H), 8.02

(d, J= 9.0 Hz, 1H), 7.44-7.54 (m-overlap, 2H), 5.45 (dd, J= 8.10 Hz, J= 8.10

Hz, 1H, CH-COOH), 4.25 (t, J= 6.0 Hz, 2H, OCH2), 3.5-3.8 (m, 2H, SCH2),

3.17 (m, 2H, NCH2), 2.63 (m, 3H, CH3), 2.15 (m, 2H, CH2). MS (ES): m/e

10 (M+l), 346.^ (nm) / emax (cm^MT
1

): 259/30,600; 326/10,400; 342/10,100 in

water.

COOH

6-(3-dimethylaminopropoxy)quinolinyl-luciferin.
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COOH

CCVll

The compound MAO-8 was synthesized by employing the similar

method used for the synthesis ofMAO-1.

]HNMR (d6-DMSO/TFA): 8.28 (d, J= 8.4 Hz), 8.05 (d, 7= 8.7 Hz, 1H), 7.93

5 (d, J= 10.0 Hz, 1H), 7.94-8.04 (m-overlap, 2H), 5.07 (t, /= 9.30 Hz, 1H, CH-

COOH), 4.15 (t, 6.6 Hz, 2H, OCH2), 3.35-3.62 (m, 2H, SCH2), 2.40 (m, 2H,

NCH2), 2.16 (s, 6H, CH3), 1.92 (m, 2H, CH2). MS (ES): (M+l) m/e, 359. *max

(nm) / emax (cm^MT
1

): 258/33,200; 326/10,700; 340/10,700 in water.

10 H.

formula CCVIII

1 5 6-(3-aminopropoxy)quinolinyl-luciferin.
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MAO-9

CCVIII

The compound MAO-9 was synthesized by employing the similar

method used for the synthesis ofMAO-3.

5 'H NMR (d6-DMSO/TFA): 8.35 (d, 7= 8.7 Hz), 8.10 (d, 7= 8.4 Hz, 1H), 7.99

(d, /= 8.7 Hz, 1H), 7.4-7.5 (m-overlap, 2H), 5.07 (dd, J= 8.40 Hz, J= 8.4, 1H,

CH-COOH), 4.23 (t, /= 6.0 Hz, 2H, OCH2), 3.50-3.54 (m, 2H, SCH2), 3.0 (m,

2H, NCH2), 2.08 (m, 2H, CH2). MS (ES): (M+l) m/e, 332. (nm) / emax (cm"

'M-'): 260/31,600; 327/11,200; 341/11,800 in water.

10

L

0jaKr
c°OH

MAO-10

I

formula CCK

1 5 6-(3-dimethylamino-3-butoxy)luciferin.
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10

^\ —- f —

•

73%

CI w K2C03 XXWy
HCI DMF HaN^COOHn2INN>ou *-

50% k / J HCI
HS

78% 1

The compound MAO-10 was synthesized by employing the similar

method used for the synthesis ofMAO-1.

*H NMR(d6-DMSO): 8.07 (d, 1H), 7.78 (s, 1H), 7.20 (dd, J= 9.0 Hz, J= 2.1 Hz,

1H), 5.41 (t, 1H, CHCOO), 4.0-4.3 (m, 2H, CH2), 3.6-3.8 (m, 2H, SCH2), 2.73

(m, 6H, NCH3), 1.8-2.4 (m, 2H5 CH2), 1.31 (d, 3H, CH3). MS (ES): (M+l) m/e,

380. Xmax 327 nm, Dmax 14,700 crn
!

M~ l

in water.

XXHfCOOCH3

s s-

MAO-11
NH2

formula CCX

15 Methyl 6-(3-aminopropoxy) luciferin ester.

jfYV-CN H*T£?CH
» /^m NY

C00CH
3 COOCH3

Synthesis of methyl 6-^BOC-3-aminopropoxy) luciferin ester. To

20 the solution of 2-cyano-6-(t-BOC-3-aminopropoxy)benzothiazole (0.27 g, 0.82
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mmol) and D-cystein methyl ester (0.20 g, 1.05 mmol) in 10 ml ofmethanol was

added TEA (0.1 1 g, 0.15 ml). The reaction mixture was stirred for 5 minutes. 20

ml of methylene chloride and 20 ml of water were added. The mixture was

extracted three times with methylene chloride and the combined organic layer

5 was dried over magnesium sulfate. The compound was purified by flash

chromatography using methylene chloride/ethyl acetate (95:5 to 90: 10) as eluent

in a yield of 60%.

*H NMR (CD2C12): 8.0 (d, J= 9.0 Hz, 1H), 7.39 (d, 2.4 Hz, 1H), 7.16 (dd, J

= 9.3 Hz, J= 2.1 Hz, 1H), 5.35 (t, /= 9.3 Hz, 1H, CHCOO), 4.12 (t, 2H, OCH2),

10 3.6-3.8 (m, 2H, SCH2), 3.31 (q, 2H, CH2N), 2.02 (m, 2H, CH2), 1.42 (s, 9H,

CH3). MS (ES): m/e (M+l), 452.

Synthesis ofMAO-11. The solution ofTFA (1ml) and tri-

isopropylsilane (3ul) in 10 ml ofmethylene chloride was added to methyl 6-(f-

BOC-3-aminopropoxy) luciferin ester (0.23 g, 0.488 mmol) at 0°C. The resultant

15 mixture was stirred at 0°C for 1 hour. 30 ml of ether and 20 ml of methanol were

added and the solvent was then removed by evaporation. The residue was

purified by flash chromatography using methylene chloride/methanol (95:5) as

eluent in a yield of 56%.

!HNMR (d6-DMSO): 8.06 (d, J= 8.7 Hz, 1H), 7.75 (d, /= 2.4 Hz, 1H), 7.20

20 (dd, J= 9.0 Hz, 2. 1 Hz, 1H), 5.51 (dd, 1H, CHCOO), 4.08 (t, 2H, OCH2),

3.6-3.9 (m, 5H, OCH3+CH2), 2.99 (m, 2H, CH2N), 2.03 (m, 2H, CH2). MS (ES):

m/e (M+l), 352. X^x 331 nm, emax 17,100 cm^M" 1

in water.
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Methyl 6-(3-methylaminopropoxy)quinolinyl-luciferiii ester.

5 Synthesis of 6-(3-t-BOC-3-methyIaminopropoxy)quinolinyMuciferin.

The compound was made by employing the similar method used for the

preparation ofMAO-3.
]H NMR (d6-DMSO): 8.33 (d5 1H), 8.08 (d, 1H), 7.97 (d, 1H), 7.4-7.5 (m, 2H),

5.51 (dd, 1H, CHCOO), 4.12 (t, 2H, OCH2), 3.6-3.9 (m, SCH2), 3.37 (t, 2H,

10 NCH2), 1.99 (m, 2H, CH2), 130 (s, br, 9H, CH3). MS (ES): m/e (M+l), 446

Synthesis of methyl 6-(3-t-BOC-3«methylaminopropoxy)quinolinyl-

luciferin ester. To the solution of 6-(3-t-BOC-3-

methylaminopropoxy)quinolinyl-luciferin (0.651 g, 1.418 mmol) in 15 ml of

THF was added freshly-making diazomethane till the solution became yellow.

15 The resultant mixture was stirred for another 10 min, acetic acid was added and

then 20 ml of water was added. The resultant mixture was extracted three times

with methylene chloride and dried over magnesium sulfate. The product was

purified by flash chromatography using methylene chloride/ethyl acetate (100/0

to 90/10) as eluent in a yield of 95%.

20
{U NMR (d6-DMSO): 8.35 (d, 1H), 8.06 (d, 1H), 7.98 (d, 1H), 7.4-7.5 (m, 2H) S

5.51 (dd, 1H, CHCOO), 4.06 (t, 2H, OCH2), 3.71 (s, OCH3), 3.6-3.9 (m, SCH2),

3.38 (t, 2H, NCH2), 2.0 (m, 2H, CH2), 1.25 (s, br, 9H, CH3 ). MS (ES): m/e

(M+l), 461
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Synthesis of MAO-12. The compound MAO-12 was prepared by

deprotection ofmethyl 6-(3"t-BOC"3-methylaminopropoxy)quinolinyl-luciferin

ester by employing the similar method used for the preparation ofMAO-11.

!HNMR (d6-DMSO): 8.36 (d, 7= 8.7 Hz), 8.10 (d, 7= 8.4 Hz, 1H), 7.99 (dd, J

5 = 8. 1 Hz, Hz, J= 2.4 Hz, 1H), 7.45 (dd, 7= 8.4 Hz, 7= 2.7 Hz, 1H), 7.4s (s, 1H),

5.53 (dd, J= 8.40 Hz, J= 8.4 Hz, 1H, CH-COOH), 4.23 (t, J= 6.0 Hz, 2H,

OCH2), 3.74 (s, 3H, CH3), 3.50-3.73 (m, 2H, SCH2), 3.09 (m, 2H, NCH2), 2.60

(s, br, 3H, NCH3), 2.11 (m, 2H, CCH2). MS (ES): m/e (M+l), 361. Xmax (nm) /

emax (cm^M*
1

): 259/29,400; 326/9,800; 339/10,000 in water.

0

II. Fluorogenic MAO substrates

7-(4-methyl-3-dimethylaminopropoxy)coumarin.

Compound MAO-F1 was prepared by employing the similar method

used for preparation ofMAO-1 precursor by alkylation of 7-(4-methyl-3-

propoxy) coumarin with 3-chlorodimethylamino hydrochloride under basic
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condition. The compound was purified by flash chromatography using

methylene chloride/methanol (90: 10) as eluent in yield of 21%.

*H NMR (d6-DMSO): 7.70 (d, 1H), 6.9-7.0 (m, 2H), 6.19 (s, 1H), 4.11 (t, 2H,

OCH2), 2.3-2.5 (m, 5H, NCH2+CH3), 2.18 (s, 6H, NCH3), 1.88 (m, 2H,

5 CH2).W 381 nm, emax 16,100 cm'MT
1

in pH 7.5 buffer.

B.

10 formula CCXIH

7-(4-methyl-3-aminopropoxy)coumarin.

1 5 Compound MAO-F2 was employed the similar method used for

preparation ofMAO-F1 by alkylation of coumarin with t-BOC protected

aminopropylchloride, and the de-protection under acidic condition gave the

desired product.

lH NMR (d6-DMSO): 7.68 (d, 1H), 6.9-7.0 (m, 2H), 6.21 (s, 1H), 4.28 (t, 2H,

20 OCH2), 2.95 (m, 2H, NCH2), 2.01 (m, 2H, CH2). 384 nm, emax 15,500 cm"

'AT'inpH 7.5 buffer.

C.
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7-(4-methyl-3-N-methylaminopropoxy)coumarin.

5

Compound MAO-F3 was prepared by employing the similar method

used for the synthesis ofMAO-F2.

formula CCXV

1 5 1 -methoxy-6-aminopropoxyfluorescein lactone.
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Synthesis of mono-t-BOC-amidopropyl fluorescein. To the solution of

5 fluorescein (1 .0 g, 3.0 mmol), t-BOC-amidopropylbromide (0.86 g, 3.61 mmol)

and potassium carbonate (0.50 g, 3.62 mmol) in DMF/acetone (1:1) was heated

to reflux over night. TLC indicated that three products, mono-ether, mono-ester

and diester, were produced which was confirmed by MS. The products were

roughly purified by flash chromatography to remove fluorescein. The crude

10 products (0.83 g) obtained were dissolved in 2N sodium hydroxide aqueous

solution and heated to reflux for 3 hours. The solution was acidify and extracted

three times with ethyl acetate. The combined organic layer was dried over

magnesium sulfate. After removal of the solvent, the compound was purified by

flash chromatography using heptane/ethyl acetate (7/3 to 1/1) as eluent in a yield

15 of 23%.

'H NMR (CD2C12): 7.98 (d, 1H), 7.66 (m, 2H), 7.22 (d, 1H), 6.90 (s, br, 2H),

6.67 (d, 2H), 6.55 (d, 2H), 4.0 (t, 2H, OCH2), 3.05 (q, 2H, NCH2), 1.98 (m, 2H,

CH2), 1.38 (s, 9H, CH3). MS (ES): m/e (M+l), 490.
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Synthesis of niethoxy-t-BOC-ainidopropyl fluorescein. To the solution

ofmono-t-BOC-amidopropyl fluorescein (0.4 g, 0.82 mmol) in THF/benzene (5

ml/15 ml) was added A&O (0.56 g, 2.45 mmol) and methyl iodide (0.46 g, 3.26

mmol). The resultant mixture was heated in the dark overnight. Upon cooling to

5 room temperature, the solid was removed by filtration. The solvent of filtrate

was removed under reduced pressure and the product was purified by flash

chromatography using heptane/ethyl acetate (7/3) as eluent in a yield of 47%.

!H NMR (CD2C12): 7.95 (d, 2H), 7.66 (m, 2H), 7.14 (d, 2H), 6.78 (s, br, 2H),

6.55-6.72 (m, 2H), 4.03 (t, 2H, OCH2) 5
3.81 (s, 3H, OCH3), 3.25 (q, 2H, NCH2),

10 1.98 (m, 2H, CH2) 5
1.40 (s, 9H, CH3). MS (ES), m/e (M+l), 504.

Synthesis of FMAO-4. The compound was made by de-protection of t-

BOC as used for the synthesis MAO-11.

lHNMR(CD2Cl2):

MS (ES)
5
m/e(M+l)

J
404

15

in. Bioluminogenic FMO substrates

A.

formula CCXVI

6-(2-phenylthioethoxy)-luciferin.
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29%

Synthesis of 2-chloroethyl phenyl sulfide. Benzenethiol (15.0 g, 0.136

mol) was added to the solution of sodium ethoxide (0.20 mol) in 200 ml of

5 anhydrous ethanol, and the mixture was stirred at room temperature for 15

minutes and then added to the solution of l-bromo-2-chloroethane in 100 ml of

ethanol. The resultant mixture was stirred at room temperature for 3 hours and

poured into 300 ml of water. The mixture was extracted three times with ether

and the combined organic layer was dried over magnesium sulfate. After

10 removal of the solvent, the compound was purified by flash chromatography

using heptane/ethyl acetate (100 to 97/3) as eluent in a yield of 74%.

lH NMR (CD2C12): 7.2-7.5 (m, 5H), 3.64 (t, 2H), 3.23 (t, 2H)

Synthesis of 2-cyano-6-(2-phenylthioethoxy) benzothiozole. The

compound was synthesized by employing the similar method for the preparation

15 ofMAO-1 precursor and purified by flash chromatography using heptane/ethyl

acetate (90:10) as eluent in a yield of 29%.

'H NMR (CD2CI2): 8.09 (d, 1H), 7.45 (d, 2H), 7.34 (t
5
2H), 7.3 (s, 1H), 7.28 (d,

1H), 7.22 (dd, 1H), 4.22 (t, 2H), 3.39 (t, 2H)

Synthesis of FMO-1. The compound was synthesized by employing the

20 similar method for the preparation ofMAO-1 and purified by flash

chromatography using methylene chloride/methanol (95:5) as eluent in a yield of

50%.

*H NMR (d6-DMSO): 8.0 (d, 1H), 7.71 (s, 1H), 7.40 (d, 2H), 7.32 (t, 2H), 7.20 (t,

1H), 7.12 (d, 1H), 5.39 (t, 1H, CHCOO), 4.24 (t, 2H, OCH2), 3.6-3.8 (m, 2H,

25 CH2), 3.40 (t, 2H, SCH2). MS (ES) m/e (M+l): 417. kmax 328 nm, emax 193900

cm^M" 1

in water
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B.

FMO-2

formula CCXVH

5

6-(2-ethylthioethoxy)-luciferin.

.COOH

10

The compound FMO-2 was synthesized by employing the similar

method for the preparation ofFMO-1.

'HNMR(d6-DMSO): 8.01 (d, 1H), 7.78 (s, 1H), 7.17 (d, 1H), 5.39 (t, 1H,

CHCOO), 4.22 (t, 2H, OCH2), 3.6-3.8 (m, 2H, CH2), 2.91 (t, 2H, SCH2), 2.64 (q,

1 5 2H, CH2), 1 .23 9t, 2H, CH3). MS (ES) m/e (M+l): 370. 328 ran, Emax

17,600 cm"'M"' in methanol.

C.

FMO-3

formula CCXVIII
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6-(2-ethylsulfoxylethoxy)-luciferin.

kCOOH

Synthesis of 2-cyano-6-(2-ethylsulfoxylethoxy) benzotbiozole. To the

5 solution of 2-cyano-6-(2-ethylthioethoxy)ben2ohiozole (0.34 g, 1 ,29mmol) in 10

ml of methylene chloride was added m-CPBA (0.33 g, 67%, 1 30 mmol). The

resultant mixture was stirred for 1 hour. The product was purified by flash

chromatography using ethlyl acetate/methanol (90/10) as eluent in a yield of

87%.

10
]H NMR (CD2C12): 8.11 (d, 1H), 7.47 (d, 2H), 7.26 (d, 1H), 4.54 (m, 2H, OCH2),

3.0-3.3 (m, 2H, CH2SO), 2.88 (m, 2H, CH2CH3), 1.40 (t, 3H, CH3). MS (ES),

m/e(M+l), 282

Synthesis of FMO-3. The compound was synthesized by employing the

similar method used for the preparation ofFMO-1.

15
]HNMR (d6-DMSO): 8.04 (d, 1H), 7.81 (s, 1H), 7.20 (d, 1H), 5.41 (t, 1H,

CHCOO), 4.45.(m, 2H, OCH2), 3.6-3.8 (m, 2H, CH2), 3.0-3.4 (m, 2H, SOCH2),

2.6-3.0 (m, 2H, CH2CH3), 1.23 (t, 2H, CH3). MS (ES) m/e (M+l): 385.U 328

nm, 6max 18,000 cm'
1M" 1

in methanol.

20 D.

FMO-4

fonnula CCXIX

25

6-(3-methylamino- 1 -butoxy)luciferin.
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Synthesis of l-methyl-3-hydroxypropylmethyl-t-BOC-amide. To the

5 solution of t-BOC anhydride (15.8g;0.0724 mol) in 150 ml of anhydrous

methylene chloride was added the solution of 3-methylamino-l-butanol (6.22 g,

0.0604 mol) and (7.33 g, 0.0724 mol) in 60 ml ofmethylene chloride at 0 °C.

The resultant mixture was stirred for 3 hours. 200 ml of methylene chloride was

then added. The mixture was washed three times with water and the combined

10 organic layer was dried over magnesium sulfate. After removal of solvent, the

product was purified by flash chromatography using heptane/ethyl acetate as

eluent (70/30 to 40/60) in a yield of74%.

!HNMR (CD2C12): 3,35 (m, 1H, CH), 2.8-3.5 (m, 2HS
OCH2), 2.63 (s, 3H,

NCH3), 1.65 (m, 2H, CH2), 1.45 (s, 9H, CH3), 1.18 (d, 3H, CH3 ). MS (ES) m/e

15 (M+l): 204

Synthesis of l-methyl-3-bromopropylmethyl-t-BOC-amide. To the

solution of l-methyl-3-hydroxypropylmethyl-t-BOC-amide (9.01 g, 0.0444 mol)

and carbon tetrabromide (17.67 g, 0.0533 mol) in 120 ml of anhydrous

methylene chloride was added triphenylphosphine (14.0 g, 0.0533 mol) at 0 °C.

20 The resultant mixture was stirred overnight. After removal of solvent, the

product was purified by flash chromatography using-heptane/ethyl acetate as

eluent (90/10) in a yield of 37%.

lHNMR (CD2O2): 4.32 (m, 1H, CH), 3.34 (t, 2H, BrCH2), 2.69 (s, 3H, NCH3),

1.8-2.2 (m, 2H, CH2), 1.45 (s, 9H, CH3), 1.16 (d, 3H, CH3)
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Synthesis of 2-cyano-6-(l-methyl-3-propylmethyl-t-BOC-amide)

benzothiozole. The similar procedure was employed by the method for the

synthesis of precursor of MAO-1.

Synthesis of 6-(l-methyl-3-propylmethyl-t-BOC-amide) luciferin.

5 The similar procedure was employed by the method for the synthesis ofMAO-1.

!HNMR(CD2Cl2): 7.88 (d, 1H), 7.24 (s, 1H), 7.03 (d, 1H), 5.24 (t, 1H, CHCOO),

4.36 (s, br, 1 H, CH), 3.91 (t, 2H, OCH2), 3.67 (d, 2H, SCH2), 2.63 (s, 3H,

NCH3), 1.7-2.0 (m, 2H, CH2), 1.25 (s, br, 9H, CH3), 1.05 (d, 3H, CH3). MS (ES),

m/e (M+2): 467

10 Synthesis ofFMO-4. The compound FMO-4 was made by de-protection

oft-BOC luciferin with TFA acid as described in the preparation ofMAO-1 1.

lH NMR(d6-DMSO): 8.04 (d, 1H), 7.76 (d, 1H), 7.19 (dd, 1H), 5.38 (t, 1H,

CHCOO), 4.18 (m, 1 H, OCH2), 3.6-3.8 (m, 2H, SCH2), 3.38 (m, 1H, NCH),

2.49 (s, 3H, NCH3), 1.8-2.3 (m, 2H, CH2), 1.24 (d, 3H, CH3). MS (ES), m/e

15 (M+2): 367. Xmax 326 nm, emax 16,800 cm^M"
1

in water.

E.
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The compound FMO-5 was synthesized by employing the similar

method for the preparation ofFMO-4.

lH NMR(d6-DMSO) : 8.34 (d, 1H), 8.10 (d, 1H), 7.99 (d, 1H), 7.47 (m, overlap,

5 2H), 5.40 (t, 1H, CHCOO), 4.27 (m, 1 H, OCH2), 3.5-3.6 (m, 2H, SCH2), 3.38

(m, 1H, NCH), 2.60 (s, 3H, NCH3), 1.9-2.3 (m, 2H, CH2), 1.28 (d, 3H, CH3).

MS(ES), m/e (M+2): 361,U 327 nm, 9,970 cm"'M*
1

in water.

IV. Bioluminogenic GST/Glutathione substrates

10

A.

15 formula CCXXI

6-(2-nitro-4-trifluoromethyl-phenoxy)quinolinyl-luciferin.

20 Synthesis of 2-cyano-6-(2-nitro-4-trifluoromethyl-plienoxy) quinoline.

The mixture of 2-cyano-6-hydroxyquinoline (0.50 g, 2.94 mmol), 2-nitro-4-

trifluoromethylbenzene chloride (0.67 g, 2.94 mmol) and potassium carbonate
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(0.41 g, 2.97 mmol) in 30 ml ofDMSO was heated to 100 °C for 30 min. Upon

cooling to room temperature, the mixture was poured into 30 ml of cold water

and exacted three times with methylene chloride. The combined organic layer

was washed with water and dried over magnesium sulfate. The product was

5 purified by flash chromatography using heptane/methylene chloride (1 :2) as

eluent in a yield of 35%.

'HNMR (CP2CI2): 8-36 (d, 1H), 8.25 (dd, 1H), 7.94 (dd, 1H), 7.75 (d, 1H), 7.67

(dd, 1H), 7.43 (d, 1H), 7.31 (d, 1H). MS (ES) m/e (M+2): 361.

Synthesis of GST-3. The compound was synthesized by employing the

10 similar method for the preparation ofMAO-1 and was purified by flash

chromatograph using methylene chloride/methanol (95:5) as eluent in a yield of

20%.

lHNMR (d6-DMSO): 8.55 (s, 1H), 8.42 (d, 1H), 8.19 (m, 2H), 8.06 (d, 1H),

7.82 (s, 1H), 7.71 (d, 1H), 7.46 (d, 1H), 5.22 (ts 1H, CHCOO), 3.45-3.75 (m, 2H,

15 CH2). MS (ES) m/e (M+l): 464. X^ax 328 nm, emax 9,900 cm^M*
1

in MeOH.

COOCH3

20

formula CCXXU

Methyl 6-(2-nitro-4-trifluoromethyl-phenoxy)quinolinyl-luciferin ester.
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The compound GST-4 was prepared by employing the similar method

used for the synthesis ofMAO-12 using GST-3 as starting material.

'HNMR(CD2Cl2): 8.23 (s, 1H), 8.0-8.2 (m, 3H), 7.75 (d, 1H), 7.50 (d, 1H),

5 7.39 (s, 1H), 7.15 (d, 1H), 7.46 (d, 1H), 5.42 (t, 1H, CHCOO), 3.74 (s, 3H, CH3),

3.58 (d, 2H, CH2). MS (ES) m/e (M+l): 478- A.max (nm) / e„,ax (cni'M
1

):

322/10,800; 328/8,800 in MeOH.

formula CCXXffl

15

6-(4-nitrophenoxy)quinolinyl-luciferin.

The compound GST-5 was prepared by employing the similar method

used for synthesis of GST-3.

'H NMR (de-DMSO): 8.39 (d, 1H), 8.28 (d, 2H), 8.19 (m, 2H), 7.74 (s, 1H),

7.60 (d, 1H), 7.28 (s, 1H), 5.37 (t, 1H, CHCOO), 3.59 (d, 2H
;
CH2). MS (ES)

20 m/e (M+2): 397. 328 nm,w 17,200 cnf'M 1

in MeOH.
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D.

5 formula CCXXIV

6^2-mtrophenoxy)quinolinyl-luciferin.

The compound GST-6 was prepared by employing the similar method

10 used for the synthesis of GST-3.

'HNMR (dg-DMSO): 8.39 (d, 1H), 8.13 (m, 3H), 7.78 (t, 1H), 7.63 (d, 1H), 7.56

(s, 1H), 7.48 (t, 1H), 7.38 (d, 1H), 5.37 (t, 1H, CHCOO), 3.59 (m, 2H, CH2). MS

(ES) m/e (M+2): 397..W (nm) / sms (crn'M"
1

): 323/10,400; 327/9,500;

337/8,300 in MeOH.

15

E.

20 formula CCXXV

6-(3-trifluoromemyM-rutrophenoxy)qumolmyl-luciferin.
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The compound GST-7 was prepared by employing the similar method

used for synthesis of GST-3.

'HNMR (bVDMSO): 8.47 (d, 1H), 8.15-8.30 (m, 3H), 7.85 (d, 1H), 7.78 (d, 1H),

7.73 (dd, 1H), 7.55 (d, 1H), 5.45 (t, 1H, CHCOO), 3.5-3.7 (m, 2H, CH2). MS

5 (ES) m/e (M+l): 464. kmax 321 mn, emax 1 1 ,000 cm'
xM l

in MeOH

F.

N02

10

formula CCXXVI

6-(2-trifluoromemyl-4-nitrophenoxy)qumolinyl-luciferin.

1 5 The compound GST-8 was prepared by employing the similar method

used for synthesis ofGST-3.

'HNMR (d6-DMSO): 8.56 (d, 1H), 8.47 (d, 2H), 8.20 (dd, 2H), 7.92 (d, 1H),

7.72 (dd, 1H), 7.33 (d, 1H), 5.44 (t, 1H, CHCOO), 3.5-3.7 (m, 2H, CH2). MS

(ES) m/e (M+l): 464- Kax 328 nm, 10,100 cm"'M"' in MeOH.

20

G.
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formula CCXXVH

5 6-(5-trifluorometiiyl-2-nitrophenoxy)quinolinyl4uciferin.

The compound GST-9 was prepared by employing the similar method

used for synthesis of GST-3.

JU* (nm) / Bmax (cm
_1

ivr
l

): 321/10,400; 328/8,300 in MeOH

10

H.

6-(4-fluoro-2-nitrophenoxy)quinolinyl-luciferin.

The compound GST-10 was prepared by employing the similar method

20 used for synthesis ofGST-3.
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'H NMR (dfi-DMSO): 8.38 (d, 1H), 8.02-8.2(m, 3H), 7.6-7.8 (m, 2H), 7.5-7.6 (m,

2H, 1H), 5.34 (t, 1H, CHCOO), 3.5-3.7 (m, 2H, SCH2).MS (ES) m/e (M+2):

415.W 321 nm, Emax 10,600 cm'
lM l inMeOH.

formula CCXXIX

10 6-(2-mtro-4-methylcart»oxylphenoxy)qumolinyl-luciferin.

The compound GST-1 1 was prepared by employing the similar method

used for synthesis of GST-3.

'H NMR(d6-DMSO): 8.68 (d, 1H), 8.15-8.30 (m, 2H), 8.1-8.2 (m, 2H), 7.64-

15 7.74 (m, 2H), 7.33 (d, 1H), 5.42 (t, 1H, CHCOO), 3.81 (s, 3H, CH3), 3.5-3.7 (m,

2H, CH2). MS (ES) m/e (M+2): 455. ?W 321 nm, zmix 16,200 cm"'M"' in

MeOH

formula CCXXX
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6-(2-Nitro-benzenesulfonic acid) luciferin ester.

ci

5 Synthesis of 2-cyano-6-(2-nitro-beazenesulfonic acid)benzothiozole.

To the solution of 6-hydroxy-2-cyanobenzothiozole (0.50 g, 2.84 mmol) and 2-

nitrobenzene-sulfonyl chloride (0.63 g, 2.84 mmol) in 15 ml of anhydrous

methylene chloride was added TEA (0.58 g, 5.68 mmol). The resultant mixture

was stirred for 3 hours. The product was purified by flash chromatography using

10 heptane/ethyl acetate/methylene chloride (70/30/15) as eluent in a yield of 55%.

Synthesis of GST-13. GST-13 was prepared by employing the similar

method for the synthesis of luciferin GST-3.

JHNMR(d6-DMSO): 8.14-8.26 (m, 2H), 8.17 (s, 1H), 8.07 (td, 7=7.5 Hz, 7=

1.3 Hz, 1H), 7.99 (dd, 7= 8.0 Hz, Hz, 7= 1.2 Hz, 1H), 7.85 (td, 7= 7.8 Hz, 7=

15 1.2 Hz, 1H), 7.34 (dd, 7= 9.0 Hz, 7= 2.4 Hz, 1H), 5.44 (t, 7= 9.0 Hz, 1H, CH-

COOH), 3.6-3.9 (m, 2H, CH2). MS (ES): m/e (M+l), 466. Xmax 292 nm, emax

19,100 cm^M" 1 inMeOH.

K.

20

N02

formula CCXXXI
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6-(4-Nitro-benzenesulfonic acid) luciferin ester.

The compound GST-14 was prepared by employing the similar method

used for the synthesis of GST-13.

5
lH NMR (d6-DMSO): 8.42 (d, 2H), 8.17 (m, 3H), 8.08 (d, 1H), 7.25 (dd, 1H),

5.44 (t, 1H, CH-COOH), 3.6-3.9 (m, 2H, CH2). MS (ES): m/e (M+l), 46$. Xmax

292 nm, zmax 19,400 cm^M*
1

in MeOH.

formula CCXXXQ

1 5 6-(2-Nitro-benzenesulfonic acid) quinolinyl-luciferin ester.

The compound GST-15 was prepared by employing the similar method

used for the synthesis of GST-13.

XH NMR (d6-DMSO): 8.54 (d, 1H), 7.9-8.3 (m, 6H), 7.85 (t, 1H), 7.57 (dd, 1H),

20 5.41 (t, 1H, CH-COOH), 3.5-3.7 (m, 2H, CH2). MS (ES): m/e (M+l), 460. ^nax

285 nm, emax 9,010 cm^M*
1

in MeOH.

M.
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COOH

o
o=s=o

GST-16

N02

formula CCXXXin

5 6-(4~Nitro-benzenesulfonic acid) quinolinyl-luciferin ester.

The compound GST-16 was prepared by employing the similar method

used for synthesis of GST-13.

*HNMR (d6-DMSO): 8.23 (d, 7= 8.7 Hz, 1H), 8.43 (d, J= 8.7 Hz, 2H), 8.18 (m,

10 3H), 8.13 (d, J = 9.3 Hz, 1H), 7.89 (d,/= 2.7 Hz, 1H), 7.51 (dd, J= 9.3 Hz,

3 Hz, 1H), 5.42 (dd, J= 8.4 Hz, J= 8.4 Hz, 1H, CHCOO), 3.5-3.7 (m, 2H, CH2).

MS (ES) m/e (M+l): 461. A™ax 285 mn, smax 12,400 cm^NT 1

in MeOH.

N.

>COOH

0=S=0

15

formula CCXXXIV

6-(2-Nitro-4-trifluorobenzenesulfonic acid) hiciferin ester.

20 The compound GST-17 was prepared by employing the similar method

used for synthesis of GST-13.
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*HNMR (d6-DMSO): 8.82 (s, 1H), 8.15-8.30 (m, 4H), 7.43 (d, 1H), 5.43 (t, 1H,

CHCOO), 3.6-3.9 (m, 2H, SCH2). MS (ES) m/e (M+l): 534. 292 mn, emax

18,600 cm"'M"' in MeOH.

5 Other GST substrates are shown in Figure 44B.

V. Fluoroeenic GST/glutathione substrates

A.

10 CF3

formula CCXXXV

7-(5-trifluoromethyl-2-nitrophenoxy)-4-methyl-coumarin.

1 5 The compound was prepared by employing the similar method used for

synthesis of the precursor ofGST-3.

'HNMR (CD2C12): 8.37 (s, 1H), 7.88 (d, 2H), 7.70 (m, 2H), 7.28 (d, 1H), 7.05

(d, 1H), 7.00 (s, 1H), 6.25 (s, 1H), 2.43 (s, 3H, CH3). MS (ES) m/e (M+2):

367. A™x 320 nm, smax 12,700 cm^M"
1

in MeOH

20

B.
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HO'

NOa

CF3 CF3

. formula CCXXXVI

Synthesis of bis(-(5-trifluoromethyl-2-nitrophenoxy)-fluorescein

lactone. The mixture of fluorescein (2.0 g, 60 mmol), 2-nitro-4-

5 rrifluoromethylbenzene chloride (3.0 g5
13.3 mmol) and potassium carbonate

(2.0 g, 14.5 mmol) in 50 ml ofDMSO was heated to 100 °C for lhour min.

Upon cooling to room temperature, the mixture was poured into 30 ml of cold

water and exacted three times with methylene chloride. The combined organic

layer was washed with water and dried over magnesium sulfate. The product was

10 purified by flash chromatography using heptane/methylene chloride/ethyl acetate

(7/3/0 to 7/3/) as eluent in a yield of 88%.

1HNMR(CD2C12): 8.28 (s, br, 2H), 8.05 (d, 1H), 7.84 (d, 2H), 7.66-7.82 (m,

2H), 7.26 (d, 2H), 7.03 (d, 2H), 6.92 (d, 2H), 6.84 (dd
3
2H).

15 VI. Bioluminogenic Alkaline Phosphatase Substrates

A.

20 formula CCXXXVII

6-(4-phosphoric acid benzylether) luciferin.
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CIPOCOEtk

TEA

(CHghSil

HO'^O

HCI

MeOH

0>p
„OEt

83%
63%

Ph3P

CBr4

.OB
O'^OEt
78%
98%

TEA

O OEt

O^OEt
76%
92%

O'^OEt

77%
99%

COOH

AP-4

nNH4

Synthesis of diethyl 4-(TBDMS-oxymethy])phenyI phosphate. To the

solution of 4<TBDMS-oxymethyl)phenol (5.53 g, 23.2 mmol) and TEA (3.79 g,

5 37.4 mmol) was added diethyl phosphornyl chloride (4.3 1 g, 24.9 mmol). The

resultant mixture was stirred overnight The compound was purified with flash

chromatography in a yield of 63%.

lHNMR (CD2Ch): 7.23 (d, 2H), 7.05 (d, 2H), 4.60 (s, 2H, OCH2), 4.09 (q, 4H,

POCH2), 1.15 (t, 6H, CH3), 0.92 (s, 9H, CH3), 0.12 (t, 6H, SiCH3). MS (ES): m/e

10 (M+2), 376.

Synthesis of diethyl 4-(hydroxymethyl)phenyl phosphate. The

solution ofHCI (8 ml) in ethanol (100 ml) was added to diethyl 4-(TBDMS-

oxymethyl) phenyl phosphate. The resultant solution was stirred for 20 minutes

and neutralized with sodium bicarbonate. The mixture was extracted three times

15 with ether and the combined organic layer was dried over magnesium sulfate.

After removal of solvent, the compound was obtained in a yield of 98%. Without

further purification, it was directly used in next step.

!HNMR (CD2CI2): 7.38 (d, 2H), 7. 10 (d, 2H), 4.65 (s, 2H, OCH2), 4.09 (q, 4H,

POCH2), 1.18 (t, 6H, CH3). MS (ES): m/e (M+l), 261

20 Synthesis of diethyl 4-(bromomethyl)phenyl phosphate. To the

solution of carbon tetrabromide (5.73 g, 17.3 mmol) and diethyl 4-

(hydroxymethyl)phenyl phosphate (3.74 g, 14.4 mmol) in 50 ml ofmethylene
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chloride was added triphenylphosphine (4.54 g, 1 7.3 mmol) at 0 °C. The

resultant mixture was stirred for 2 hours. The compound was purified by flash

chromatography using heptane/ethyl acetate (80/20 to 70/30) as eluent in a yield

92%.

5
!HNMR (CD2C12): 7.41 (d, 2H) 5 7.20 (d, 2H), 4.53 (s, 2H, OCH2), 4.20 (q, 4H,

POCH2), 1.17 (t
5
6H, CH3). MS (ES): m/e (M+l), 323

Synthesis of phosphoric acid 4-(2-cyano-benzothiazol-6-

yloxymethyl)-phenyl diethyl ester. The compound was synthesized by

employing the similar method for the synthesis ofprecursor MAO-1.

10
lHNMR (CD2C12): 8.12 (d, 1H), 7.49 (s, 1H), 7.46 (d, 2H), 7.33 (d, 1H), 7.26 (d,

2H) 5
5.18 (s, 2H, OCH2), 4.20 (m, 4H, POCH2), 1.34 (t, 6H, CH3). MS (ES): m/e

(M+l), 420

Synthesis of 4-(2-cyano-benzothiazol-6-yloxymethyl)-phenyl

phosphoric acid. To the solution ofphosphoric acid 4-(2-cyano-benzothiazol-6-

15 yloxymethyl)-phenyl diethyl ester in 15 ml of methylene chloride was added

iodotrimethylsilane (0.46 g, 2.3 1 mmol). The resultant mixture was stirred for 40

minutes and then added to the solution of p-toluidine (1.50 g, 14.0 mmol) in 20

ml. After the solvent was partially removed, the light yellow precipitate was

collected by filtration and washed with ethanol and ether to give a yield of 63%.

20
]HNMR (d6-DMSO): 8.18 (d, 1H), 8.0 (s, 1H), 7.43 (d, 2H), 7.38 (d, 1H)

3
7.19

(d, 2H), 6.82 (d, 3.75H), 6.45 (d, 3.75H), 5.19 (s, 2H, OCH2), 2.16 (s, -6 H,

CH3).(Containing about 3.3 molar equivalent toluidine). MS (ES): m/e (M+2),

362

Synthesis of AP-4. The compound was synthesized by employing the

25 similar method used for the preparation ofMAO-1 and purified by HPLC using

5 mM ammonium acetate buffer/acetonitrile as eluent.

[HNMR (D20): 7.82 (d, 1H), 7.56 (s, 1H), 7.39 (d, 2H), 7.15 (d, 1H), 7.10 (d,

2H), 5.11 (t, 1H, CH-COOH), 5.06 (s, 2H, OCH2) 5
3.45-3.80 (m, 2H, CH2). MS

(ES): m/e (M+2), 468
:
A,max 329 nm, smax 19,100 cm'V 1

in water.

30

B.
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formula CCXXXVni

5 6-Phosphoric acid-quinolinyl-luciferin.

Synthesis of diethyl (2-cyano-quinolin-6-yl) phosphate. To the mixture

10 of 2-cyano-6-hydroxyquinoline (0.50 g, 2.94 mmol) and diethyl

phosphorochloride (0.67 g, 3.53 mmol) in 15 ml of anhydrous methylene

chloride was added triethylamine (0.59 g, 5.88 mmol). The resultant mixture was

stirred for 5 hours at room temperature. After removal of the solvent, the product

was purified by flash chromatography using heptane/ethyl acetate as eluent in a

15 yield of 91%.

[HNMR (CD2CI2): 8.35 (d, 1H), 8.18 (d, 1H), 7.80 (s, 1H), 7.6-7.8 (m, 2H),

4.26 (m, 4H, CH2), 1.18 (t, 6H, CH3). MS (ES) m/e (M-2): 306.

Synthesis of (2-cyano-quinolin-6-yl) phosphoric acid. To the solution

of diethyl (2-cyano-quinolin-6-yl) phosphate (0.58 g, 1.86 mmol) in 10 ml of

20 methylene chloride was added iodotrimethylsilane (0.82 g, 4.1 mmol). The

resultant mixture was stirred for 40 minutes and then added to the solution ofp-
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toluidine (1.50 g, 14.0 mmol) in 20 ml. After the solvent was partially removed,

the white yellow precipitate was collected by filtration and washed with ethanol

and ether to give a yield of 92%.

*HNMR (d6-DMSO): 8.54 (d, 1H), 8.07 (d, 1H), 7.95 (d, 1H), 7.47 (d, 1H),

5 7.82 (s,br, 1H), 7.71 (dd, 1H), 6.85 (d, 2.5 H), 6.55 (d, 2.5 H), 2.13 (s, 3.85 H,

CH3). (Containing 1.25 molar equivalent toludine as counter-ions). MS (ES) m/e

(M-2): 248

Synthesis of of AP-2. The compound was synthesized by employing the

similar method for the preparation ofAP-4.

10
lHNMR (d6-DMSO): 8.29 (d, J = 8.7 Hz, 1H), 8.05 (d, J= 8.4 Hz, 1H), 7.95 (d,

9.0 Hz, 1H), 7.71 (d, J= 2.4 Hz, 1H), 7.64 (dd, J= 8.7 Hz, J= 2.4 Hz, 1H),

5.89 (dd, J= 8.4 Hz, J= 8.4 Hz, 1H, CHCOO), 3.4-3.65 (m, 2H, CH2).

(Containing -8 molar equivalent TEA/HC1 as counter-ions). MS (ES) m/e (M+):

C.

O-^OH
OH

20 formula CCXXXDC

Trimethyllock phosphate luciferin amide.
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Synthesis of 2-[3-(tert-Butyl-dimethyl-silanyloxy)-l,l-dimethyl-

propyI]-3,5-dimethyl-phenol. To the solution ofphenol (10.0 g, 31.2 nunol)

5 and potassium f-butoxide (3.85 g, 34.3 mmol) in 30 ml of anhydrous THF was

heated to 60 °C for 5 minutes and then diethyl phosphate chloride (5.86 g, 33.96

mmol) was added. The resultant mixture was heated at 60-70 °C for 2.5 hours.

Upon cooling to room temperature, the insoluble solid was removed by filtration.

.
The solvent of filtrate was removed and the residue was purified by flash

10 chromatography using heptane and ethyl acetate (90/10 to 80/20) as eluent in a

yield of 75%.

'HNMR^DaCla): 7.10 (s, 1H), 6.78 (s, 1H), 4.21 (q, 4H, OCH2), 3.51 (t, 2H,

CH2OSi), 2.58 (s, 3H, CH3), 2.25 (s 3H, CH3), 2.13 (t, 2H, CH3), 1.57 (s, 6H,

CH3), 1.37 (t, 6H, CH3), 0.85 (s, 9H
S CH3) 5

0.02 (s, 6H, SiCH3). MS (ES): m/e

15 (M+2),460.

Synthesis of 3-[2-(Diethoxy-phosphoryloxy)-4,6-dimethyl-phenyI]-3-

methyi-butyric acid. To the solution of 2-[3-(tert-Butyl-dimethyl-silanyloxy)-

l,l-dimethyl-propyl]-3
3
5-dimethyl-phenol in 50 ml of acetone was added

potassium fluoride (0.678 g, 1 1.6 mmol). The mixture was cooled at 0°C and

20 then Jone's reagent was added over 30 minutes till the solution became deep
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orange. The resultant mixture was allowed to warm up to room temperature and

stiired for 3 hours. The insoluble solid was removed by filtration and washed

several times with acetone. After removal of the solvent of the filtrate, the

product was purified by flash chromatography using heptane/ethyl acetate (70/30

5 to 40/60) as eluent in a yield 87%.

!HNMR (CD2C12): 7.02 (s, 1H), 6.79 (s, 1H), 4.25 (q, 4H, OCH2), 2.90 (s, 2H,

CH2), 2.52 (s, 3H, CH3), 2.22 (s 3H, CH3), 1.63 (s, 6H, CH3), 1.38 (t, 6H, CH3).

MS (ES): m/e (M+l), 359.

Synthesis of 2-cyano-6-(trimethylIock diethyl

10 phosphate)benzothiazole amide. To the solution of 3-[2-(Diethoxy-

phosphoryloxy)-4,6-dimethyl-phenyl] -3-methyl-butyric acid (0.91 g, 2.36 mmol)

in 20 ml of anhydrous HF was added isobutylchloroformate (0.36 g, 2.60 mmol)

and N-methylmorpholine (0.26 g, 2.60 mmol) at 0 °C. The mixture was then

stirred at room temperature for 30 minutes (the reaction should be checked by

15 TLC to ensure acid is completely converted into anhydride). 6-

Aminobenzothiazoie (0.275 g, 1.57 mmol) and N-methylmoipholine (0.53 g,

5.20 mmol) were added and the mixture was stirred for 5 days at room

temperature. After removal of the solvent, the compound was purified by flash

chromatography using heptane/ethyl acetate (80/20 to 70/30) as eluent in a yield

20 of 60%.

!HNMR (CD2C12): 9.58 (s, 1H, NH), 8.55 (d, 1H), 7.98 (d, 1H), 7.38 (dd, 1H),

7.0 (s, 1H)
3
6.69 (s, 1H), 4.36 (q, 4H, OCH2), 2.80 (s, 2H, CH2), 2.42 (s, 3H,

CH3), 2.20 (s, 3H, CH3), 1.78 (s, 6H, CH3), 1.48 (t, 6H, CH3). MS (ES): m/e

(M+l), 516.

25 Synthesis of 2-cyano-6-(trimethyllockphosphoric acid)benzothiazo!e

amide. Diethyl phosphate trimethyllock amide was de-ethylated by employing

the similar method used for the synthesis ofAP-4 precusor.

nHNMR(d6-DMSO): 8.62 (d, 1H), 8.03 (d
3
1H), 7.50 (dd, 1H), 7.11 (s, 1H) 5

6.98 (d, 4.5 H), 6.75 (d, 4.5 H), 6.48 (s, 1H), 2.86 (s, 2H, CH2), 2.38 (s, 3H,

30 CH3), 2. 19 (s, -6.75H, CH3), 2.07 (s 3H, CH3), 1 .65 (s, 6H, CH3). (Containing

2.25 eqvalent molar toluididne as counter-ions) MS (ES): m/e (M-l), 459.
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Synthesis of AP-5.The compound AP-5 was prepared by ring cyclization

used for the synthesis ofAP-4 and purified by HPLC using 5 mM ammonium

acetate buffer/ acetonitrile as solvent.

!HNMR (D20): 7.80 (s s 1H), 7.77 (d, 1H), 7.21 (s, 1H), 7.06 (d, 1H), 6.53 (s,

5 1H), 5.12 (t, 1H, CH-COOH), 3.5-3.8 (m, 2H, CH2), 2.85 (s, 2H, CH2), 2.28 (s,

3H, CH3), 2.07 (s 3H, CH3), 1.60 (s3 6H, CH3). MS (ES): m/e (M+l), 564. ?w

322 nm, Emax 16,700 cnf'M*
1

in water.

VII. Miscellaneous

10

>COOH

15 formula CCXXXX

6-(4-phosphoric acid benzylether) luciferin.
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Synthesis of 4-formyIphenol acetate. To the solution of 4-

5 hydroxybenzaldehyde (10.0 g, 81.9 mmol) in 150 ml ofpyridine was added

acetic anhydride (60ml). The resultant mixture was stirred at room temperature

for 2 hours. After removal of the solvent, the compound was purified by flash

chromatography using heptane/methylene chloride/ethyl acetate (20/20/10) as

eluent in a yield of 93%.

10
lHNMR (CD2C12): 10.0 (s, 1H, CHO), 7.86 (d, 2H), 7.30 (d, 2H), 2.32 (s, 3H,

CH3)

Synthesis of 4-hydroxymethylphenol acetate. To the solution of 4-

formylphenol acetate (6.0 g, 36.4 mmol) in 60 ml of methanol was added sodium

boronhydride (1.50 g, 39.6 mmol) at 0 °C. The resultant mixture was stirred for 1

1 5 hour, neutralized with acetic acid and then poured into water. The mixture was

extracted three times with ether and the combined organic layer was dried over

magnesium sulfate. After removal of solvent, the compound was purified by

flash chromatography using heptane/ethyl acetate (80/20-70/30) as eluent in a

yield of41%.

20
!HNMR (CD2C12): 7.4 (d, 2H), 7.08 (d, 2H), 4.67 (s, 2H, CH2), 2.30 (s, 3H,

CH3)

Synthesis of 4-bromomethylphenol acetate. To the solution of 4-

hydroxymethylphenol acetate (2.50 g, 15.0 mmol) and carbon tetrabromide (5.97
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g, 18.0 mmol) in 40 ml of methylene chloride was added triphenylphosphine

(4.73 g5
180 mmol) under nitrogen. The resultant mixture was stirred for 3 hours.

The product was purified by flash chromatography using heptane/ethyl acetate

(90/10-80/20) as eluent in a yield of 79%.

5 *H NMR (CD2C12): 7.45 (d, 2H), 7.07 (d, 2H), 4.53 (s, 2H, CH2), 2.29 (s, 3H,

CH3)

Synthesis of 4-(2-cyano-benzothiazol-6-yloxyniethyl)-phenol acetat.

The compound was synthesized by employing the similar method for the

synthesis ofprecursor MAO-1.

10 'HNMRCCDzCfe): 8.14(d, 1H), 7.49 (m, 3H), 7.26 (d, 1H), 7.14 (d, 1H), 5.18

(s, 2H, OCH2), 2.30 (s, 3H, CH3).

similar method for the preparation of GST-13.

*H NMR (d6-DMSO): 8.05 (d, J= 9.0 Hz, 1H), 7.86 (d, J= 2.4 Hz, 1H), 7.51 (d,

15 J~ 8.7 Hz, 2H), 7.26 (dd, J= 9.0 Hz, J= 2.7 Hz, 1H), 7.15 (d, J= 8.7 Hz, 2H),

5.41 (dd, J= 8.40 Hz, 7= 8.1Hz, 1H, CH-COOH), 5.20 (s, 2H, OCH2), 3.6-3.80

(m, 2H, CH2), 2.26 (s, 3H, CH3). MS (ES): m/e (M+l), 429. Xmax 325 nm, smax

19,100 cm^M" 1

in MeOH

Synthesis of E-l. The compound was synthesized by employing the

20 B.

CI

formula CCXXXXI

25 6-(4-Chloro-phenyIthiomethoxy) luciferin.
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HO'

CI

K2C03

,COOH

CI

CI CI

Synthesis of 2-cyano-6-(4-chloro-phenylthiomethoxy)-benzothiazole.

The mixture of 6-hydroxy-2-cyanobenzothiazole (0.45 g, 2.59 mmol), 1-chloro-

5 4-cUoromethylthiobenzene (0.50 g, 2.59 mmol), potassium carbonate (0.36 g,

2.61 mmol) and sodium iodide (0.01 g) in acetone (30 ml) was heated to reflux

30 minutes. Upon cooling to room temperature, the insoluble solid was removed

by filtration. The solvent of filtrate was removed under reduced pressure, the

residue was dissolved minimum amount of acetone with heating. The solution

10 was cooled at 0°C and yellow crystals were formed immediately. The solid was

collected by filtration to give a yield of 37%.

!H NMR (CD2C12): 8.14 (d, 1H), 7.47 (d, 1H), 7.45 (d, 2H), 7.34 (d, 2H), 7.32

(dd, 1H),5.57 (z, 1H, CH2).

Synthesis of 6-(4-chloro-phenylthiomethoxy) luciferin. The compound

1 5 was made by employing the similar method for the synthesis ofMAO-1 and was

purified by flash chromatography.

*H NMR (d6-DMSO): 8.06 (d, 1H), 7.87 (d, 1H), 7.47 (d, 2H), 7.20 (d, 2H),

7.23 (dd, 1H), 5.79 (z, 1H, OCH2), 5.22 (t, 1H, CH), 3.68 (d, 2H, CH2). MS

(ES): m/e (M+), 436. Xmax 324 nm, emax 16,300 cm^M" 1

in water.

20

C.

25 formula CCXXXXII
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6-(3, 3-Dichioro-propoxy)-luciferin.

o HO
>

oh pci5 a K2CO^ 9' f^YV

HO

HS 20%
80%

5 Synthesis of 1,3-dichloropropanoL HC1 gas was bubbled through

acrolein (5.0 g, 89.2 mmoi) at 0°C for 3 hours. To the reaction mixture was

added methylene chloride (200 ml), and the resultant solution was washed with

water three times and dried over magnesium sulfate. After removal solvent, the

product was used directly in next step without further purification.

10
!HNMR (CD2C12): 5.17 (t, 1H), 3.68 (t, 2H, OCH2), 2.13 (q, 2H, CH2).

Synthesis of 1,1,3-trichloropropane. To the mixture ofPC15 (23.50 g,

0.1 13 mol) in 100 ml of petroleum ether (40-60 °C) was added 1,3-dichloropanol

(14.5 g, 0.113 mol) dropwise. The solvent was evaporated at 40-60 °C, the

temperature was increased to 120 °C 5
and the fraction (70-90 °C) was collected

15 under reduced pressure (70-80 mmHg). The distilled liquid was then poured into

ice-water and stirred for 4 hours and extracted with petroleum ether (40-60 °C).

The combined organic layer was dried over magnesium sulfate. Repeat the

above procedures until pH of the distilled liquid in aqueous solution is neutral.

The final distillation gave a yield of 3.64 g of product (22%).

20 *HNMR (CD2CI2): 6.03 (t, 1H), 3.74 (t, 2H, C1CH2), 2.64 (q, 2H, CH2).

Synthesis of 2-cyano-6-(3, 3-Dichloro-propoxy)-benzothiazole. The

compound was made by employing the similar procedure used for the synthesis

ofMAO- 1 precursor.

lHNMR (CD2Ci2): 8.12 (d, 1H), 7.45 (d, 1H)
5 7.23 (dd

5
1H), 6.51 (t, 1H,

25 CHC12), 4.24 (t, 2 H, OCH2), 2.75 (q, 2H, SCH2).

Synthesis of 6-(3, 3-Dichloro-propoxy)-luciferin. The compound was

made by employing the similar procedure used for the synthesis of GST-3.
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*HNMR (d6-DMSO): 8.02 (d, 1H), 7.80 (d, 1H), 7.19 (dd, 1H), 6.46 (t, 1H,

CHC12), 5.35 (t, 1H, CHCOO), 4.24 (t, 2 H5
OCH2), 3.6-3.8 (m, 2H, SCH2), 2.69

(q,2H,CH2).

5 D.

formula CCXXXXin

10 Synthesis of (l-formyl-2-tritylthioethyl)carbamic acid tert-butyl ester.

To the solution of t-BOC-trityl-Weinreb amide (1.67 g, 3.30 mmol) in 30 of

anhydrous ether was added LiAlR* (0.25 g, 6.59 mmol) in three portions at -

50°C. The temperature was allowed to warm up to -35 °C and the resultant

mixture was stirred at -35 °C for 2 hours. The reaction was quenched by adding

15 1 5 ml of ice-water slowly. The mixture was extracted three times with ether and

the combined organic layer was dried over magnesium sulfate. After removal of

the solvent, the product was purified by flash chromatography using

heptane/ethylacetate (8/2 to 7/3) as eluent in a yield of 87%.

!HNMR (CD2C12): 9.21 (s, 1H, CHO), 7.2-7.7 (m, 15 H, Ar-H), 5.10 (s, br, 1H,

20 NHCO), 3.83 (m, 1H, CH), 2.4-2.8 (m, 2H5 CH2), 1 .22 (s, 9H, CH3).

Synthesis of (l-dimethyIaminomethyl-2-trithioethyl)-carbamic acid

tert-butyl ester. To the solution of triethylamine (0.11 g, 1.12 mmol) in absolute

ethanol (5 ml) were added dimethylamine hydrochloride (0.0912 g, 1.12 mmol),

titanium (IV) isopropoxide (0.317 g, 1.12 mmol) and (l-formyl-2-

25 tritylthioethyl)carbamic acid tert-butyl ester (0.25 g, 0.56 mmol). The reaction
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mixture was stirred for 10 hours at room temperature. NaBtL* (0.045 g, 1.12

mmol) was added to the mixture, the resultant mixture was stirred for another 4

hours, and the reaction was quenched by adding 10 ml of water the mixture. The

mixture was extracted with ether three times and the combined organic layer was

5 dried over magnesium sulfate. After removal of the solvent, the product was

purified by flash chromatography using methylene chloride/methanol as eluent

(95/5) in a yield of 41%.

lHNMR (CD2C12): 7.2-7.7 (m, 15 H, Ar-H), 4.65 (s, br, 1H, NHCO), 3.62 (m,

1H, CH), 2.42 (t, 2H, NCH2), 2.20 (m, 2H, SCH2), 2.17 (s, 6H, NCH3), 1.41 (s,

10 9H, CH3). MS(ES): m/e (M-hl), 477

Synthesis of dimethylaminoluciferin. To (l-dimethylamino-methyl-2-

trithioethyl)-carbamic acid tert-butyl ester (0.18 g, 3.78 mmol) was added the

solution ofTFA (50%) and triisopropylsilane (0.077 g). The resultant solution

was stirred for 30 minutes and 20 ml of ether was added. The solvent was

15 removed under reduced pressure, the residue was triturated with ether and the

yellow solid was collected by filtration. Without further purification, the solid

was carried on next step.

The above solid and 2-cyano-6-hydroxybenzothiozole (0.067 g, 0.38

mmol) were dissolved in methanol (2.5ml), CH2C12 (0.5 ml) and H20 (1 ml). To

20 the solution was added K2C03 (0.052 g, 0.38 mmol). The mixture was stirred at

room temperature for 1 hour and then neutralized to slightly acidic condition.

After removal of organic solvent, the product was purified by HPLC using

0.1%TFA water/acetonitrile as eleuent.

lHNMR (CD3OD): 7.51 (d, 1H), 7.36 (d, 1H), 7.25 (dd, 1H), 6.46 (t, 1H,

25 CHC12), 5.12 (m, 1H, CH), 3.75, 3.22 (m, 2 H, SCH2), 3.50 (m, 2H, NCH2), 3.04

(s, 6H, CH3). MS (ES): m/e (M+), 293.

E.

,COOH

HO'

CN
K2C03

OH

30 formula CCXXXXIV
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Synthesis 6 f-(2-hydroxyethoxyl) luciferin. The compound was

synthesized by employing the similar method used for the synthesis of GST-3.

lH NMR (d6-DMSO): 8.0 (d, 1H), 7.72 (d, 1H), 7.17 (dd, 1H), 5.18 (t, 1H, CH),

5 4.08 (t, 2 H, OCH2), 3.74 (t, 2H, HOCH2), 3.64 (m, 2H, SCH2). MS (ES): m/e

(M+l), 325. Xmax 328 nm, emax 16,500 cm^M"
1

in water.

F. 6 -(2,3 s4 J
5,6-pentafluorobenzyloxy)-luciferin.

10

15

formula CCXXXXV

6'(2,3,4,5,6-pentafluorobenzyloxy)-luciferin was synthesized in a similar way as

luciferin benzyl ether (LucBE) by using pentafluorobenzyl bromide instead of

benzy bromide as a starting material. 6'(2,3,4 }
5,6-pentafluorobenzyloxy)-

luciferin (compound of formula I\ EI', VH', or VTIT) was tested in CYP assays.

G. 6
f

-(2,3 ,4 3
6-tetrafluoro-5-((4-phenylpiperizin- 1-yl)methyI)benzyloxy)-

luciferin (LucPPXE4F).

fonnula CCXXXXVI

20 This synthesis is same as the synthesis for 6
,-(3-((4-phenylpiperizin-l-

yl)benzyloxy)-luciferin (LucPPXE) by using a,a 5

-dibromo-m-tetrafluoroxylene,
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which was synthesized from tetrafluoroisophthalic acid in two steps. The first

step was reduction of tetrafluoroisophthalic acid with borane in THF to produce

a,a
5

-dihydroxy-m-tetrafluoroxylene. The second step was to convert the a,a'-

dihydroxy-m-tetrafluoroxylene into a^-dibromo-m-tetrafluoroxylene. The

5 major side product is monobrominated compound. 6'-(2,3,4,6-tetrafluoro-5-((4-

phenylpiperizin-l-yl)methyl)benzyloxy)- luciferin (compound of formula DC)

was tested in CYP assays.

a, a, a '-dihydroxy-m-tetrafluoroxylene

To a solution of tetrafluoroisophthalic acid (2 g, 8.4 mmol) in 50 mL of

10 anhydrous tetrahydrofuran was added 1 M borane-tetrahydrofuran complex in

tetrahydrofuran (34 mL, 33.6 mmol). The mixture was refluxed under nitrogen

atmosphere for 4 hours. The solution was cooled down to room temperature 200

mL of water was added and the resultant mixture was extracted with ethyl ether

(2 x 175 mL). The extracts were combined and washed with saturated sodium

15 bicarbonate (2 x 200 mL) and water (1 x 200 mL). The organic phase was dried

over anhydrous sodium sulfate and the solvent was removed under reduced

pressure. The residue was pumped over night without further purification (1 .3 g,

73.7% yield).

6. a,a f

-dibromo-m-tetrafluoroxylene

20 To a mixture of lithium bromide (350 mg, 4 mmol) in 5 mL of anhydrous

acetonitrile was added trimethylsilyl chloride (650 ^iL, 5 mmol). To this solution

was the added a,a'-dihydroxy-m-tetrafluoroxylene (210 mg, 1 mmol) in 10 mL

of anhydrous acetonitrile. The resultant mixture was then refluxed under

nitrogen atmosphere for 6 hours. The mixture was then taken up by 40 mL of

25 ethyl ether, washed successively with water (2 x 40 mL), 1M sodium

bicarbonate (1 x 40 mL), and brine (1 x 40 mL). The organic phase was then

dried over sodium sulfate and the~solvent was removed under reduced pressure

and the residue was then purified by flash chromatography with 70% hetpane in

ethyl acetate (85 mg, 25 % yield).

30 B. Synthetic Schemes for Derivatives for Redox or Dealkvlase Bioluminescent

Assays
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10

The appropriately substituted ortho-aminohalopyridine is converted to

the 2-thiohydroxylpyridothiazole followed by alkylation with methyl iodide to

yield a 2-methyIthiopyridothiazoIe. The thioether functionality is oxidized to the

sulfone. The pyridine amine is either oxidized to the N-oxide or methylated

depending on the desired product. The sulfone is displaced with cyanide to yield

the corresponding 2-cyanopyridothiazole. Cysteine (D, L, DL with or without

the carboxylic acid esterified) is condensed with the cyanopyridothiazole. Any

remaining protecting groups are removed by standard means known in the art to

yield the appropriate methylated or oxidized aza-luciferins.

CCXXXXVII CCXXXXVIII CCXXXXIX CCL

CCLI CCLII CCLIII

Wv7YC02H(R)

Y'Bn7^S' S
CCLIII

A = N or CH; B = N,C; if B is C then *Y = a protected O or N; 2 = Me or O; Y = OH or NH2

Examples of starting orthoaminohalopyridines

fy
m

* N^Y
NH2 ^"H, /VNH2

Starting material 1 Starting material 2 Starting material 3 Starting material 4

o f^f
NH2

NH2 1
N
A

N
A

X

j j
Starting materia! 5 Starting material 6

References for synthesis of either example starting materials

Starting materials 1, 3 and 4 are commercially available. Starting

material 2 is described in Mazeas, Heterocvcles
j
50:1065 (1999)), starting
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material 5 in Kuramochi (U.S. published application 20050004103); and starting

material 6 in Kolesnikov (U.S. published application 20030225036).

The N3-oxide of luciferin is synthesized by oxidation of 6-hydroxy-2-

methylbenzthiazole or 6-amino-2-methylbenzthiazole to yield the oxidized

5 methylbenzthiazole. The methyl is converted to a nitrile using procedures

similar to those known in the art (Takahashi et al., Chem & Pharm. Bull ,

18: 1 176 (1970); Sasson et al, Org Lett .. 7:2177 (2005))). The nitrile is

condensed with cysteine (D,L,DL, with or without the carboxylic acid esterified).

The Nl-oxide of quinolinyl luciferin is synthesized by oxidation of 2-

10 methyl-6-hydroxyquinoline or to yield the oxidized methylquinolinoL The

methyl is converted to a nitrile using procedures similar to those known in the art

(Takahashi et al., Chem & Pharm. Bull .. 18:1176 (1970); Sasson et al., Org Lett.,

7:2177 (2005)). The nitrile is condensed with cysteine (D,L,DL, with or without

the carboxylic acid esterified).

1 5 The invention will be described by the following non-limiting examples.

Example 1

Measurement of Glutathione S Transferase Activity or Glutathione

with Luciferin Derivatives

20 A. Assay at pH 6.6

A luciferin derivative, GST #3, was prepared as a substrate for GST. The

derivative was tested in a two step format. For the first step, the derivative was

added to a mixture with one of three GSTs with or without glutathione. At

different times after the reaction was initiated, a portion was removed and mixed

25 with a luciferase reaction mixture. Reactions in which light production

increased over time indicate that GST#3 is a substrate for the GST in that

reaction.

Materials and Methods

Equine GST Solution: 25 mg of equine GST (Part G 651 1, Sigma

30 Chemical Company, St. Louis, MO) was dissolved in 5 ml of 10 mM BisTris

buffer, pH 6.6. Porcine GST Solution: 10 mg of porcine GST (Sigma Chemical

Company G 6636) was dissolved in 2 ml of 10 mM BisTris, pH 6.6. S.japonica

GST: 1 vial with 3 mg GST (Part G5663, Sigma Chemical Company) was
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dissolved in 500 (il of 10 mM BisTris, pH 6.6. Glutathione (reduced) (Part G

4251, Sigma Chemical Company) was dissolved in water to create a 100 mM
solution. GST #3 was dissolved in acetonitrile to produce a 12mM solution.

A bottle of Luciferin Detection Reagent (V859B, Promega Corp.,

5 Madison, WI) was dissolved with a bottle ofP450-Glo Buffer (V865B, Promega

Corp.), thawed and allowed to come to room temperature. A 10 ml sample of

the resulting solution was mixed with 8 ml of water to create a luciferin

detection solution.

The reactions (Table 1) were assembled by first adding the water and 1

10 M BisTris solutions in individual 0.5 ml microfuge tubes, then adding the other

components except for the GST #3 solution. Finally, the GST #3 (Figure 12)

solution was added to the reactions, the resulting solution was mixed, and the

time of addition noted. At 0.1, 5, 10, and 15 minutes post mixing, a 10 ul

sample was mixed with 90 fxl of the luciferin detection solution and the light

15 produced by the solution was immediately read using a Turner TD 20/20

Luminometer (Promega Corp.).

Table 1

Reaction

Component 1 2 3 4 5 6 7 8

GST substrate 5 Ml 5 ul 5ul 5 ul 5ul 5ul 5 ul 5ul

1 M BisTris pH
6.6 5 nl 5 |il 5 |il 5ul 5ul 5 ul 5ul 5ul

100 mM
Glutathione

(red) 2ul 2ul 2ul 2ul

Redissolved

S.j. GST 5ul 5 ul

Redissolved

porcine GST 5 ul 5ul

Redissolved

equine GST 5ul 5ul

Water 90 ul 88 p.1 85 ul 83 ul 85 ul 83 ul 85 ul 83 ul

Results

20 Reactions were assembled with a luciferin derivative, a glutathione S

transferase (GST) from one of three sources, in the presence and absence of

glutathione. Samples from those reactions were then added to a luciferase

reaction mixture. The light production from the mixture of the reactions with the
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luciferin detection reagent was measured using a TurnerTD 20/20 Luminometer.

The light values measured for the reactions are shown in Table 2.

Table 2

Time
(minutes) 1 2 3 4 5 6 7 8

0.1 33.26 35.72. 32.67 32.57 46.95 71.1 30.42 252.2

5 38.2 36.07 32.42 40.79 51.85 269.1 32.98 3662

10 32.17 40.85 38.65 48.64 51.15 463.2 38.75 7629

15 35.53 46.43 33.82 61.54 48.41 619.3 38.39 9324

5

The light values obtained from reactions without glutathione even in the

presence of GST (reactions 1, 2, 3, 5 and 7) did not increase greatly over time.

However, the light values measured in reactions containing both glutathione and

GST in addition to GST #3 increased substantially over time. That result

10 indicated that the action of the transferase in combination with glutathione

results in production of a product that allows increased light production from the

luciferase based reaction relative to the starting solution, and that the luciferin

derivative permitted detection of the GST.

B. Assay at Slightly Basic pH

15 Common assays for GST are performed at a pH value around pH 6.5

even though the enzyme does not display maximal activity at this pH. The

selection of such a suboptimal pH is the result of the need to prevent the rapid,

non-enzymatic attack of glutathione itself on the substrate, which leads to a very

high background value for control reactions run to measure this rate. To

20 determine whether a luciferin derivative that is a GST substrate was usefiil in

reactions at lower pHs, the luciferin derivative, one of the GSTs and a reagent

(glutathione) from Example 1A were tested over pHs from 6.5 to 8.5.

Materials and Methods

Buffer stock solutions (1 M) of BisTris at pH 6.5, HEPES, pH 7.0, 7.5

25 and 8.0 and Tricine pH 8.5 were prepared by dissolving solid reagent obtained

from Sigma Chemical Corporation and adjusting the pH to the desired value.

These new buffer stocks were used with stock reagents in Example 1A to

produce the solutions shown in Table 3.
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Table 3

Reaction Buffer GST #3 Water

100 mM
Glutathione

1

5 pi of 1 MBisTris

pH6.5 2 pi 93 pi 0

2

5 nlof 1 MBisTris

pH6.5 2 pi 88 pi 5ul

3

5 pi of 1 MHEPES,
pH7.0 2 pi 93 pi 0

4

5 pi of 1 MHEPES,
pH7.0 2 pi 88 pi 5 pi

5

5 pi of 1 MHEPES,
pH 7.5 2 pi 93 pi 0

6

5 pi of 1 MHEPES,
pH7.5 2 pi 88 pi 5pl

7

5 pi of 1 MHEPES,
pH 8.0 2 pi 93 pi 0

8

5 pi of 1 MHEPES,
pH8.0 2 pi .88 pi 5 pi

' 9

5 pi of 1 MTricine,

pH8.5 2 pi 93 pi 0

10

5 pi of 1 M Tricine,

pH 8.5 2pJ 88 pi 5 pi

The GST #3 addition was performed last and the solutions were mixed

immediately after addition ofGST #3. After mixing, 10 ^1 samples were

5 removed immediately and at 20 and 40 minutes post mixing, and the samples

were added to 90 fil of luciferin detection solution assembled as described in

Example 1A. After mixing, the light produced by the solution was measured

using a Turner TD 20/20 luminometer.

Results

10 Reactions were assembled at various pH values and the rate of

transformation ofGST #3 was measured in the presence and absence of

glutathione. Reactions were then assembled containing S.japonica GST with

and without glutathione. The light values were recorded (Table 4).
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Table 4

Light Output

111110 VJ1 £AJ UlillULCb JJvJbl ACS tniTiiif"^Q nnottu llilllU-tCo UUoL

miyino llJ.lA.J.JJ.g j niA.jm.fj

1 1.01 0.976 1.099

2 1.13 1.287 1.761

3 1.198 1.368 1.202

4 1.156 1.178 2.2

5 1.19 1.214 1.194

6 1.171 2.788 5.173

7 1.167 1.172 1.236

8 1.198 6.662 13.38

9 1.182 1.199 1.246

10 1.342 25.24 47.01

The light signal from the incubations containing glutathione (reactions 2,

4, 6, 8, and 10) increased over time while those from the incubations without

5 glutathione did not change greatly. In fact, the rate ofsignal increase was

greater as the pH of the solution was varied from pH 6.5 to 8.5. This rise in light

value could be used as a way to measure glutathione in a solution, particularly if

the solution is incubated with an appropriate luciferin derivative at an elevated

pH. As shown in Example 1, this particular GST did not produce a very strong

10 light signal when used at a relatively high enzyme concentration. However, by

running the GST reaction at an elevated pH, a lower amount of this enzyme was

shown to generate a stronger signal.

The signal produced from reactions containing GST were compared with

those measured in the absence ofGST to determine if the net signal seen with

15 enzyme becomes very small versus that produced by the enzyme. In addition,

the stock of 100 mM glutathione (GSH) was diluted 1:10 with water to produce

a 10 mM GSH stock and this solution was added at various levels to determine if

a lower non-enzymatic light signal could be produced while maintaining the

same net light increase upon enzyme addition.

20 The stock ofS.japonica GST used in Example 1A was diluted to 1

mg/ml with 10 mM BisTris pH 6.5. The solutions which were assembled are

shown in Table 5.

Table 5
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Rx GST #3 Buffer Amt buffer Enzyme

Z"1 GIt

(10 mM) Water

1 5 Hi

1 Hit Trenco
1 M KbPES,
pH7.5 5 Hi 0 50 Hi 40 Hi

2 5 Hi

1 \/T TXCDT3C
1 M HbrbS,
pH7.5 5 Hi 10 Hi 50^1 30 Hi

3 S|!l

1 M HEPES,
pH7.5 5Hl 0 30 Hi 60 Hi

4 5 |al

1 M HEPES,
pH7.5 5 Hi 10 Hi 30 Hi 50 Hi

5 5 pi

1 M HEPES,
pH7.5 5 Hi 0 10 Hi 80 Hi

6 5 Hi

1 M HEPES,
pH7.5 5 Hi 10 Hi 10 Hi 70 Hi

7 5 pi

1 M HEPES,
pH8.0 5 Hi 0 50 Hi 40 Hi

8 5 Hi

1 M HEPES,
pH8.0 5 Hi 10 Hi 50 Hi 30 Hi

9 5 Hi

1 M HEPES,
pH8.0 5 Hi 0 30 Hi 60 Hi

10 Sfll

1 M HEPES,
pH8.0 5 Hi 10 Hi 30 Hi 50 Hi

11 5 Hi

1 M HEPES,
pH8.0 5 Hi 0 10 Hi 80 Hi

12 5 Hi

1 M HEPES,
pH8.0 5 Hi 10 Hi 10 Hi 70 Hi

13 5 Hi

1 M Tricine,

PH8.5 5 pi 0 50 Hi 40 Hi

14 5 h!

1 M Tricine,

pH8.5 5 Hi 10 Hi 50 Hi 30 Hi

15 5 Hi

1 M Tricine,

pH8.5 5 Ml 0 30 Hi 60 Hi

16 5 Hi

1 M Tricine,

pH8.5 5 Hi 10 Hi 30 Hi 50 Hi

17 5 Hi

1 M Tricine,

pH 8.5 5 Hi 0 10 Hi 80 Hi

18 5 Hi

1 M Tricine,

pH 8.5 5 Hi 10 Hi 10 Hi 70 Hi

The reactions were initiated by addition ofGST #3 and mixing. At 45

minutes post mixing, 10 h! samples were removed and added to 90 h1 of the

luciferin detection reagent and the light read using a Turner TD 20/20

5 Luminometer. These readings are shown in Table 6.
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Table 6

Reaction

Light

Reading Reaction

Light

Reading Reaction

Light

Reading

1 26.3 7 65.98 13 295.2

2 61.58 8 152.3 14 532.4

3 19.21 9 48.41 15 199.4

4 55.18 10 135.6 16 416.7

5 10.73 11 22.52 17 97.89

6 52.23 12 97.47 18 267.3

The data in Table 6 can be rearranged to allow easy calculation of the

signal change with and without enzyme at the pH levels and glutathione levels

5 used (see Table 7).

Table 7

Reaction pH

Reaction

with enzyme

Reaction

w/o enzyme

Net light

difference

7.5 5 mMGSH 26.3 61.58 35.28

3 mM GSH 19.21 55.18 35.97

1 mMGSH 10.73 52.23 41.5

8.0 5 mMGSH 65.98 152.3 86.32

3 mMGSH 48.41 135.6 87.19

1 mMGSH 22.52 97.47 74.95

8.5 5 mMGSH 295.2 532.4 237.2

3 mMGSH 199.4 416.7 217.3

I mMGSH 97.89 267.3 169.41

These results confirm that GST #3 can be used to measure glutathione by

measuring the light produced in reactions not containing GST. In addition, they

10 indicate that stronger net light signals can be seen in reactions at pH values

above pH 7.5. Finally, the results indicate that lowering the glutathione level

from 5 mM to a lower level resulted in a lower light signal and that the net signal

produced by S. japonica GST did not change greatly when the glutathione level

was reduced from 5 mM to 3 mM,
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C. Detection and Measurement of Glutathione

In Example IB, it was shown that a luciferin derivative can be

transformed to a species that produces a more intense light signal when the

added solution contains glutathione. Moreover, in reactions that did not contain

5 enzyme, the results indicated that a non-enzymatic transformation was possible.

To detect much lower levels of glutathione, the ability ofGST to catalyze this

conversion was utilized in the presence ofmuch lower levels of glutathione.

Materials and Methods

Master mix: 200 mM HEPES buffer, pH 7.5 also containing 0.4 mg/ml

1 0 blot qualified BSA (Promega Corp. W3841), and 200 jig/ml equine GST (diluted

from a 5 mg/ml solution of equine GST, Sigma Chemical Corp. enzyme).

Substrate (GST #3): 200 [iM GST #3 in water. DTT: A stock of 20 mM DTT

was made by dissolving solid DTT (Promega Corp, V3151) in water. This stock

was used to create a 4 mM DTT stock by dilution with water. 2

1 5 Mercaptoethanol: A 20 mM solution of 2 mercaptoethanol was made by diluting

neat 2 mercaptoethanol (M6250, Sigma Chemical Corp.) in water. This stock

was used to create a 4mM 2-mercaptoethanol stock by dilution with water. A

100 mM glutathione stock (reduced) was diluted to produce solutions at 400,

320, 240, 200, 160, 80, and 20 ^iM glutathione by dilution into distilled water.

20 Cell Extract Samples: A solution of diluted rabbit reticulocyte lysate was

prepared by diluting a rabbit reticulocyte lysate (Promega Corp.) with water at a

ratio of 2 \il lysate per 25 ^1 of solution. A solution of diluted wheat germ lysate

was made by diluting wheat germ extract (Promega Corp.) with water at a ratio

of2 |il extract per 25 of solution.

25 Luciferin Detection Reagent (see Example 1A).

The reactions were performed at room temperature in a microtiter plate.

The reactions were initiated by the addition of the Master Mix solution. The

following materials were added to the wells in the microtiter plate.

Columns 1-3: 25 pi of substrate solution and 25 ^il of water were added

30 to all wells in columns 1-3 rows A-H. In addition, 25 \xl of glutathione solution

at 400, 320, 240, 260 80 and 20 mM, was added to rows A-G, respectively. An

additional 25 \il of water was added to columns 1-3 row H.
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Columns 4-6: 25 \xl of substrate solution and 25 |ol water were added to

columns 4-6 rows A, C, E and G. Additions of 25 ^il substrate and 25 jxl of 200

HM glutathione were added to columns 4-6 rows B, D, F and H. Then, 25 \i\ of

4 mM DTT was added to columns 4-6 rows A and B; 25 of 20 mM DTT was

5 added to columns 4-6 rows C and D; 25 (il of 4 mM 2 mercaptoethanol was

added to columns 4-6 rows E and F, and 25 ^1 of 20 mM 2 mercaptoethanol was

added to columns 4-6 rows G and H.

Columns 7-9. These reactions were assembled as for columns 1-3 with

the exception that the 25 ^il of water was replaced with 25 {J of diluted wheat

10 germ extract.

Columns 10-13. These reactions were assembled as for columns 1-3

with the exception that the 25 |al of water was replaced with 25 \x\ of diluted

rabbit reticulocyte lysate.

After all these solutions were assembled, the reactions were started by

1 5 addition of 25 jlxI ofmaster mix to the solutions using a multichannel pipette and

mixing the solution by pipetting up and down 3 times. Immediately after mixing,

10 \il of the solutions were removed with a multichannel pipette and added to 90

[il of Luciferin Detection Reagent in a Microtiter Luminometer Plate. After

addition of samples from all wells of the original microliter plate, the

20 luminometer plate was sealed with a clear plate sealer, allowed to sit at room

temperature for 15 minutes and then the light produced was read on a Veritas

luminometer.

Additional 10 samples were taken from the original microtiter plate,

diluted into Luciferin Detection Reagent and read as above at 14.8, 33.7, 44.75,

25 59.6 and 140 minutes post addition of master mix.

Results

Reactions with GST#3, with or without GST, and with or without a

source of glutathione were prepared, and at various times after initiation of the

reactions, a portion was added to a luciferase reaction mixture. The light

30 readings from the triplicate reactions were averaged and are shown in the tables

below.
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Table 8 Light Signals Measured in Reactions Without Added Lysate or

Reductants

Glutathione Concentration (pM)

Added

Time

(minutes)
0 5 10 20 40 60 80 100

0 1234 1592 2269 2821 5110 5248 8038 6604

14.8 2689 43107 73802 125110 218325 273665 324305 337276

33.7 4362 90387 154525 277975 444877 552806 693907 773268

44.75 5378 107668 195083 361281 567948 741797 888763 935822

58.6 6015 142988 264698 694628 702468 956594 992455 1197938

140 11744 280230 498136 830155 1268954 1796833 2129202 2480280

The data in Table 8 demonstrate that even a solution of 5 glutathione

can produce a light signal far above that seen in the absence of any glutathione

and that the signal increases over time and over glutathione concentration at least

5 over the ranges of values tested.

Table 9 Light Signals Measured in Reactions With Wheat Germ Extract

Glutathione Concentration

Added QiM)
Time

(minutes) 0 5 10 20 40 60 80 100

0 1851 1964 2390 2512 4371 3611 5335 4235

14.8 49004 71860 90718 115137 136851 182746 203690 218906

33.7 99432 152066 189073 279159 330741 435730 504985 519121

44.75 138755 195962 237008 333459 480389 540647 627461 558359

58.6 179435 244615 289289 618643 569417 586894 715805 835949

140 362693 465865 511594 816161 1053306 1316857 1265144 1809120

The light values measured in the reactions containing wheat germ extract

(Table 9) without added glutathione increased much more rapidly than is seen

10 for reactions that did not contain added glutathione or wheat germ extract

(compare the 0 ^iM glutathione addition columns in the tables above). However,

the presence of the extract also produced a lower net light signal in reactions

given a glutathione spike above about 30 nM (see Table 10).
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Table 10 Net Light Signal in Reactions With or Without Wheat Germ Extract

Glutathione Concentration Added

Mil
Time
(minutes) 0 5 10 20 40 60 80 100

0 617 372 120 -309 -739 -1637 -2703 -2369

14.8 46316 28753 16916 -9973 -81473 -90918 -120614 -118371

33.7 95071 61679 34548 1185 -114136 -117076 -188922 -254147

44.75 133377 88294 41926 -27822 -87559 -201150 -261302 -377463

58.6 173420 101627 24591 -75985 -133051 -369700 -276650 -361989

140 350949 185634 13458 -13994 -215648 -479975 -864057 -671160

Thus, the wheat germ extract most likely contains a significant level of

glutathione and also may contain an interfering substance that reduced the level

5 of signal generated at high glutathione concentrations. However, one technique

that is used to estimate the level of starting compound in a sample which may

have both a significant level of analyte yet also have an interfering substance is

to determine if the signal increases in a relatively linear manner with added

analyte and to then determine the amount of added analyte needed to produce a

10 signal in the sample that is twice the signal generated in the sample without

added analyte. In this case, the signal increase was relatively linear with added

analyte to the sample and thus the value of glutathione in the diluted extract can

be estimated to produce a glutathione concentration in the reaction of between

10 and 20 jiM glutathione. Since this increase was seen from a 2 jul sample of

1 5 starting extract, the estimated concentration in the actual sample was between

500 \iM and 1 mM glutathione.

The light readings in reactions containing rabbit reticulocyte lysate but

without added glutathione increased much more rapidly over reactions without

added glutathione or lysate (compare readings over time in Table 8, no

20 glutathione added column, to the no glutathione added column in Table 1 1).
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Tabl^ii Light Signals Measured in Reactions Including Rabbit Reticulocyte

Lysate

Glutathione Concentration

Time
[min] 0 5 10 20 40 60 80 100

0 2084 1816 1890 2168 2876 2754 3937 2822

14.8 83403 87258 90540 104181 130163 144804 152024 164924

33.7 171939 176106 188794 229026 269989 312938 348543 378781

44.75 229277 232897 237699 290097 345094 386012 448978 453140

58.6 292086 306830 308048 445066 442405 504909 553766 587558

140 572193 572518 610619 705215 819448 981057 1097061 1184652

10

15

However, with the rabbit reticulocyte lysate, a much smaller net signal increase

was seen when glutathione was spiked into the lysates and the signal did not

double until 100 \xM glutathione was added in the spike (Table 1 1). The signal

increases produced by spiking glutathione into the reactions was again

approximately linear with glutathione added and thus again allowed the

glutathione concentration present from the sample to be estimated. However, in

this case, the estimated final concentration of glutathione generated by dilution

of the lysate itself is 100 Jim. Since this increase was seen from a 2 jil sample of

the starting extract, the estimated concentration in the original lysate is

approximated to be between 2.5 and 5 mM glutathione.

The averaged results from the reactions performed with DTT or 2-

mercaptoethanol with or without spiked glutathione are presented in Table 12.

Table 12 Average Signals in Reactions with Added DTT or 2-

mercaptoethanol (ME)

Reductant

50 uM
glutathione 0 14.8 33.7 44.75 58.6 140

none none 1234 2689 4362 5378 6015 11744

1 mM DTT 1672 61526 145772 153924 220284 565135

1 mM DTT + 7220 305825 731311 857849 1069468 1944007

5 mM DTT 2332 67536 155069 197547 241226 526501

5 mM DTT + 7408 266152 636054 791397 960823 1648897

1 mM 2-ME 1123 24736 62528 90732 S. L. * 260865

1 mM 2-ME 5209 259259 542606 626141 S.L. 1763802

5 mM 2-ME 1442 34787 88417 118636 160571 339791

5 mM 2-ME + 5708 252675 606326 850061 1060698 2073466

none 5179 245995 498842 654873 829531 1532893
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* samples lost, ** estimated from results of 40 and 60 ^M glutathione reactions

presented in Table 1 1

.

The reactions with reducing agent but without added glutathione show a

5 light signal well above that seen without these reducing agents. However, when

the net signal is calculated from these results, the net signals in the presence of

these reductants was very near that seen in their absence (Table 13).

The reaction scheme was relatively insensitive to the presence of other

reducing agents in the sample and it can be used in at least two complex cell

10 lysates, wheat germ extract and rabbit reticulocyte lysate.

Table 13 Net signal in Reactions With and Without Reductant

Time (minutes)

Reductant 0 14.8 33.7 44.75 58.6 140

None 3945 243306 494480 649495 823516 1521149

ImMDTT 5548 244299 585540 703926 849184 1378872

5 mMDTT 5077 198616 480985 593850 719597 1122396

1 mM 2-ME 4086 234523 480078 535409 N.A. 1502937

5 mM 2-ME 4266 217888 517909 731426 900127 1733675

D. Use of Luciferin Esters for Measurement of Glutathione and GST

15 To determine whether different GSTs had a preference for certain

luciferin derivatives, a bioluminogenic assay was conducted with various GSTs

(or a control with glutathione alone) and acetyl luciferin.

Materials and Methods

Enzyme and glutathione stock solutions are described in Example 1A.

20 Acetyl luciferin was dissolved at 9 mM in acetonitrile.

P450 Glo Reagent was made by dissolving a bottle of Luciferin

Detection Reagent (V859B, Promega Corp.) with a bottle ofP450-Glo Buffer

(V865B, Promega Corp.)
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Thirty-six 90 |il reaction solutions were created that were designed to

contain the following materials when diluted to 100 jd: reactions 1-3, 50 mM

HEPES pH 7.5, 20 \M acetyl luciferin; reactions 4-18, 50 mM HEPES pH 7.5,

20 \xM acetyl luciferin, 2 mM glutathione; reactions 19-21, 50 mM HEPES, pH

5 7.5, 2 ^M acetyl luciferin, and; reactions 22-36, 50mM HEPES, pH 7.5, 2 pM

acetyl luciferin, 2mM glutathione. After assembly, the enzyme stock solutions

were diluted 1:10 into 10 mM HEPES, pH 7.5 and the following additions were

made to the reactions.

GST Al-1 (Sigma) is an enzyme found in a few body tissues, including

10 kidney, intestine, lung and liver. GST Ml-1 (Sigma) is a type b allelic variant,

which corresponds to GST psi purified from human liver.

15

20

Reaction

1-3 and 19-21

4-6 and 22-24

7-9 and 25-27

10-12 and 28-30

13-15 and 31-33

16-18 and 34-36

Reaction Type

Buffer control

Glutathione alone

S.japonica GST

Equine GST

GST Al-1

GST Ml-1

Addition

10 pi water

10 jxl water

10 \x\ 1:10 S.japonica GST

10 1:10 Equine GST

10^11:10 GST Al-1

10 jil 1:10 GST Ml-1

The reactions were allowed to proceed for 30 minutes at room

temperature and then 100 ^1 ofP450 Glo reagent was added to each reaction and

the light produced by the subsequent solution was measured on a Veritas

luminometer. The readings recorded are shown in Table 14.
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Table 14

Raw Data

Glutathione

Signal Net Enzyme Signal

Reaction

20 mM
AL* 2mM AL

Net 20

mM
Net 2

mM
Buffer Alone 183,852 20,649

Glutathione Alone 330,916 35,206 147,064 14,557

S. japonica GST 1,233,119 126,288 902,203 91,082

Equine GST 361,356 39,036 30,440 3,830

GSTAl-l 365,770 42,725 34,854 7,519

GSTMM 419,400 42,867 88,484 7,661

Acetyl Luciferin

Results

5 The results above demonstrate that a substantial non-enzymatic signal

can be generated by incubation of acetyl luciferin with glutathione. Thus, such

incubations can be used to detect and measure the presence of glutathione in a

sample.

In addition, the results indicated that a much stronger net signal was

10 generated by S. japonica GST with acetyl luciferin relative to the other GST

enzymes. This is in contrast to the results seen with GST #3, where S. japonica

GST did not generate nearly as strong of a net signal than is seen with the other

enzymes (Example 1). Thus, modification of the chemical groups attached to

luciferin can change the relative preference of the resulting substrate for various

15 GST enzymes.

In this example, an ester of luciferin (acetylluciferin) was demonstrated

to be utilized by various GST enzymes but with more reactivity towards the

enzyme from S. japonica than for mammalian GST enzymes, the reverse of the

preference seen with GST #3. Acetyl luciferin was also shown to be able to

20 react in solutions with 2 mM glutathione

Summary

In a manner similar to that used in Example 1A, other luciferin

derivatives were shown to be substrates with various preferences for GSTs (see

Figure 12). Thus, luciferins modified in various ways can be transformed by

25 GST in the presence of glutathione to a form that can be utilized more

effectively by luciferase, as demonstrated by an increasing light signal.
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Moreover, glutathione concentrations can be measured at high concentration

through the direct attack of this agent onto the luciferin derivative or at much

reduced concentration through a reaction catalyzed by GST. Further, GST

enzymes show differential preferences for luciferin derivative, dependent upon

5 the particular modifications present on the luciferin derivative.

In particular, GST#3 and a sample suspected ofhaving a GST may be

assayed at pHs from 6.5 to at least 8.0. The ester ofGST#3 was a better

substrate for GST Ml-1 in a light generating reaction than GST Al-1, while

GST#3 was a better substrate for equine GST in a light generating reaction than

10 GST Ml-1 and GST Al-1.

For some derivatives, a detergent may be added to the reaction mixture to

enhance the solubility of the derivative. For example, a detergent such as Triton

X-114, e.g., about 0.01 to about 20%, including about 0.1 to about 0.5% Triton

X-l 14, was added to reaction mixtures having GST-22.

15

Example 2

A. Detection of Equine Alcohol Dehydrogenase

A luciferin derivative, luciferol, was employed as a substrate for alcohol

dehydrogenase (ADH). The derivative was tested in a two step format. For the

20 first step, the derivative was added to a mixture with one of four ADHs. At

different times after the reaction was initiated, a portion was removed and mixed

with a luciferase reaction mixture. Reactions in which light production

increased over time indicate that luciferol is a substrate for the ADH in that

reaction.

25 Materials and Methods

A solution of 500 mM Bis Tris, pH 6.5 was created by dissolving the

solid and adjusting the pH to pH 6.5. A 50 mM solution was then made from

this stock by dilution with water.

Al DH solution: 25 units of aldehyde dehydrogenase (Sigma Chemical

30 Co, A-6338) was dissolved in 1 ml of 50 mM Bis Tris, pH 6.5.

Eq ADH solution: 20 units of equine alcohol dehydrogenase (Sigma

Chem. Co., A9589) was dissolved in 1 ml of 50 mM Bis Tris, pH 6.5.
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Y ADH solution: 7500 units of yeast alcohol dehydrogenase (Sigma

Chem Co. A 7011) was dissolved in 1 ml of 50 mM Bis Tris pH 6.5.

NAD+ solution: 66 mg ofNAD+ (Sigma Chem. Co. N 151 1-250) was

dissolved in 2 ml of Bis Tris, pH 6.5 and 8 ml of water.

5 Luciferol solution: approximately 4 mg of luciferol was dissolved in 1

ml of dimethylformamide (Aldrich 27,054-7).

Luciferase detection solution: A bottle ofP450 Glo Buffer (Promega

Corp. V865B) was used to dissolve a cake of Luciferin Detection Reagent

(Promega Corp. V859B) then 10 ml of the resulting solution was diluted with 8

10 ml ofwater to create the detection solution used in this example.

The reaction solutions shown in Table 15 were assembled.

Table 15

Reaction 500 mM
BisTris, pH
6.5

NAD+
Sol'n

Water Eq ADH Y ADH A1DH

Rxl 20 ml 20 Hi 155 Hi 0h1 0h1 0h1
Rx2 20 nl 20 Hi 145 Hi 5 Hi 0h1 5 Hi

Rx3 20 Hi 20 Hi 145 Hi 0h1 5 h1 5 Hi

Rx4 20 Hi 20 Hi 150 Hi 5 Hi 0h1 0h1
Rx5 20 Hi 20 Hi 150 Hi 0h1 5 Hi 0h1
Rx6 20 Hi 20 Hi 150 Hi 0h1 0h1 5 Hi

15 A 5 |J sample of the luciferol DMF solution was added to each of the reactions

above and a timer was started upon the addition of the first luciferol/DMF

solution to reaction 1. All reactions were kept at room temperature.

As each reaction reached 10 minutes post luciferol addition, a 10 jj!

sample of each reaction was added to 90 \i\ of luciferin detection solution in a

20 luminometer tube. After incubating 5 minutes at room temperature, the light

produced by these samples was measured using a Turner TD 20 luminometer.

Additional samples were taken and mixed with luciferin detection reagent and

read as above as each reaction reached 20 and 40 minutes post luciferol addition.
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Table 16

Time Rxl Rx2 Rx3 Rx4 Rx5 Rx6

10

minutes

8.452 9.857 7.481 11.40 7.396 7.640

20

minutes

10.04 13.91 8.292 15.26 8.670 7.640

40

minutes

8.406 16.80 8.465 19.16 8.194 8.475

Results

Comparison of light values generated from samples of the reaction

5 without enzyme (reaction 1) to that with equine ADH with Al DH reaction 2) or

alone (reaction 4) demonstrated that a solution of equine alcohol dehydrogenase

and NAD+ can convert iuciferol into a form that is more effectively used for

light production (Table 16). However, samples from solutions of yeast alcohol

dehydrogenase (with NAD+) alone (reaction 5) or with Al DH (reaction 3) or Al

10 DH alone (reaction 6) showed no significant light production above that seen for

reactions not given enzyme (reaction 1).

The results are somewhat surprising as: 1) alcohol dehydrogenase

usually produces an aldehyde product and such a product is not thought to be an

effective luciferase substrate, and 2) a second alcohol dehydrogenase, from yeast,

1 5 was not able to convert sufficient Iuciferol to be effectively measured even in the

presence of aldehyde dehydrogenase, an enzyme that is capable of transforming

aldehydes to the corresponding acids.

B. Conversion of Luciferol bv Alcohol Dehydrogenase

To determine whether enzyme concentration or temperature alter the

20 kinetics of a reaction between different ADHs and a luciferin derivative,

reactions similar to those in Example 2A were conducted, and light production

over a longer period of time measured.

Materials and Methods

Buffer; KP04 Buffer: A 500 mM solution ofKP04 ,
pH 7.4 was produced

25 by dissolving KH2P04 in water and adjusting the pH with KOH.

NAD+; Solid NAD+, 66 mg (Sigma Chem. Co. N151 1-250) was

dissolved in 10 ml of 50 mM KP04 ,
pH 7.4.
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The equine ADH, yeast ADH and aldehyde dehydrogenase and luciferol

solutions were those described in Example 5.

Luciferin detection reagent: A bottle of P450 Glo Buffer (Promega Corp.

V865B) was used to dissolve a cake of Luciferin Detection Reagent (Promega

5 Corp. V859B) then 5 ml of the resulting solution was diluted with 3 ml of water

to create the detection solution used in this example.

Table 17 summarizes the assembled reactions.

Table 17

Reaction NAD+ sol'n KPO4 Buffer Water Enzyme

Rx 1 and

11

20 m1 18 Ml 157 Ml None

Rx 2 and

12

20^1 18 Ml 147 Ml 10 m! equine

ADH
Rx 3 and

13

20 nl 18 Ml 137 Ml . 20 Ml equine

ADH
Rx 4 and

14

20 nl 18 Ml 127 Ml 30 m1 equine

ADH
Rx 5 and

15

20 pi 18 Ml 117 Ml 40 Ml equine

ADH
Rx6 20 jul 18 uJ 112 Ml 40 m! equine

ADH
Rx7 20 Ml 18 Ml 152 Ml 5 Ml yeast ADH
Rx8 20 nl 18 Ml 147 Ml 10 Ml yeast

ADH
Rx9 20 fil 18 Ml 137 Ml 20 m! yeast

ADH
RxlO 20 Ml 18 Ml 132 Ml 20 m1 yeast

ADH

To initiate the conversions, 5 jil of luciferol solution was added to

reactions 1-5, 6-9, and 11-15, and 10 \xl of luciferol was added to reactions 5 and

10 and the tubes mixed after that addition. Immediately after luciferol addition

to reaction 1, a timer was started and the time of luciferol addition to the other

1 5 tubes noted. After mixing, reaction 11-15 were placed at 37°C.

As each tube reached 30 minutes post luciferol addition, 5 |il samples of

the reaction were removed, added to 95 \xl of luciferin detection reagent and the

tube mixed. After incubating 10 minutes at room temperature, the light
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produced by these samples was read using a Turner TD 20 luminometer (Table

18). Samples were also taken at 60, 95 190 and 280 minutes post luciferol

addition and mixed with luciferin detection reagent and read (Table 18).

5 Table 18

iv \~>a \su\jii 30 minutes 60 minutes 95 minutes 190

minutes

280

minutes

XXA X 6 077 6.091 5.849 4.364 7.694

13.86 21.41 29.38 50.88 74.52

3XVA D Z<O.Z< X 4Q 00 69 94 123.5 166.5

Py 4XVA *T 3S 79 62.64 94.04 163.9 245.9

Rx SXvA J 49 30 80 23 120.5 199.8 297.6

Rx6 44.49 83.19 123.8 210.2 298.1

Rx7 6.184 6.052 5.980 6.640 7.988

Rx8 6.126 5.468 5.552 6.198 6.903

Rx9 5.406 5.608 6.301 5.825 6.734

RxlO 9.672 9.531 10.00 10.36 11.71

Rx 11 5.814 6.078 6.302 6.889 8.399

Rx 12 71.30 119.4 151.5 224.0 286.5

Rx 13 127.0 213.3 293.1 461.0 619.7

Rx 14 161.7 292.1 433.1 682.2 844.5

Rx 15 192.7 365.4 525.7 842.8 1138

Results

Solutions of equine alcohol dehydrogenase and NAD+ converted

luciferol to a form more effectively used by luciferase for light production. The

10 strength of the light signal produced was dependent upon the length of time used

in the conversion reaction (comparing light signals from reaction 5 at 30, 60, 95,

190 and 280 minutes and the amount of equine ADH added and comparing

signals of reactions 1-5 over time). In addition, a much faster rate of signal rise

was seen when the reactions were incubated at 37°C versus room temperature

1 5 (compare paired reactions such as reaction 5 and reaction 1 5). Finally, doubling
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the luciferol concentration in the reactions with equine ADH did not increase the

signal strength greatly (reaction 5 versus 6), and no major light signal change

was seen with yeast alcohol dehydrogenase. Thus, the rate of conversion of

luciferol by alcohol dehydrogenase was shown to be dependent upon the amount

5 of the enzyme present in the reaction solution and the temperature of the reaction.

C. Effect of Inhibitors on the Conversion of Luciferol by Equine Alcohol

Dehydrogenase

As discussed herein, bioluminogenic reactions with luciferin derivatives

can be employed to detect agents that modulate a nonluciferase-mediated

10 reaction or a luciferase-mediated reaction. A known inhibitor of equine ADH

was tested in a bioluminogenic reaction having the luciferin derivative luciferol.

Materials and Methods

A solution of equine alcohol dehydrogenase (Sigma Chemical Corp., A

9589) 15 mg was dissolved in 750 jal of water.

15 Pyrazol Solution: 3.4 mg of pyrazol (Sigma Chemical Corp. P 5660-5)

was dissolved in 50 ml of water.

Trichloroethanol solution: A 0.48 ml sample of 2,2,2, trichloroethanol

(Aldrich T5480-5) was dissolved in water.

The other solutions used are described in Examples 5-6.

20 Duplicate reactions were assembled (see Table 1 9).

Table 19

Reaction NAD+ kpo4

Buffer

Water Equine

ADH
Other

Control 10 nl 9 Hi 59.5 ul 20 Ml None

+Pyrazol 10 pi 9ul 49.5 pi 20^1 10 ul pyrazol

+Trichloro-

ethanol

10 nl 9ui 49.5 ul 20 ul 10 uJ

trichloroethanol

Results

Reactions were initiated by addition of 1 .5 \il of luciferol solution. Upon

25 addition of the luciferol solution, the reactions were mixed and placed at 37°C.

After 30 minutes, a 5 |il sample was removed from each reaction, mixed with 95

fil of luciferin detection reagent and the light produced by these solutions was

measured using a Turner TD 20 luminometer after allowing the solutions to sit
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10 minutes at room temperature. The following light readings were recorded

(Table 20).

Table 20

5 Reaction Relative Light Units

Control #1 1023

Control #2 1087

+ Pyrazol#l 516.4

+ Pyrazol#2 490.7

10 + trichloroethanol#l 524.8

+ trichloroethanol #2 342.

1

Thus, the conversion of luciferol by solutions of equine alcohol

dehydrogenase and NAD+ was slowed by known inhibitors of equine alcohol

15 dehydrogenase. This reduction in the rate of conversion can be used to identify

agents effecting this enzyme.

Example 3

MAO and FMO Assays with Derivatives of the Invention

20 A. Luciferin Derivatives for MAO Assays

A series of luciferin derivatives was prepared as substrates for

monoamine oxidases (MAO), and those substrates tested in two step assays with

different types ofMAO (MAO A and MAO B). Additional assays were

conducted with test compounds to determine whether the compound inhibited

25 the MAO mediated reaction. Also, as described hereinbelow, fluorogenic MAO
substrates were prepared and tested in a one step assay. The bioluminogenic and

fluorogenic MAO substrates may be oxidized by monoamine oxidase (MAO) A

and/or B, e.g., to produce iminium and/or aldehyde intermediates that may

undergo a secondary p-elimination to liberate 7-hydroxyluciferins or a derivative

30 thereof, or hydroxy fluorescent products including umbelliferone, fluorescein,

and their derivatives. The formation of these products is measured by light

output from bioluminescence, where the product of the reaction between MAO
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and a luciferin derivative is oxidized by luciferase(s), or from fluorescence.

Bioluminogenic and/or fluorogenic monoamine oxidase substrates and their

relevant compositions provide a highly sensitive and convenient tool for

detecting monoamine oxidase acitivities. Thus, these derivatives are very useful

5 for high throughput screening for monoamine oxidase substrates and inhibitors

thereof.

Materials and Methods

In the reactions described in this example, a luciferin derivative was

incubated with MAO (Step 1). This may generate a species that may undergo

10 spontaneous beta-elimination to form luciferin.

compound of formula CCLIV

Alternatively, the product of the reaction between the derivative and

MAO yields a product that is not D-luciferin but is a substrate of luciferase. A

reconstituted luciferin detection reagent was then added (Step 2), and the light

15 production from the mixture was measured with either a Dynex or Veritas plate

luminometer.

For instance, to prepare a compound of formula CCLIV, a solution of

dimethylamine (0.235 g, 0.00090 mol) and D-cysteine (0.158 g, 0.00090 mol) in

methanol (5 ml), CH2C12 (1 ml) and H20 (1 ml) was added K2C03 (0.125 g,

20 0.00090 mol). The mixture was stirred at room temperature for 5 minutes and

then neutralized to a slightly acidic condition. After removal of organic solvent,

the product was purified by HPLC using 0.1%TFA water/acetonitrile as eleuent.

The compound was confirmed by 1H NMR/MS. The yield was 0.23 g. The

compound was characterized by 1H NMR and Mass spectra. Related

25 compounds include a compound of formula CCLV:

>COOH

optional

0-elimination

HO'

>COOH
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OH

compound of formula CCLVI

The reconstituted luciferin detection reagent for Step 2 was generated by

thawing a bottle ofP450-Glo Buffer (V865A, Promega Corp., Madison WI),

allowing it to come to room temperature, and then adding it to a bottle of

5 Luciferin Detection Reagent (V859A, Promega Corp., Madison WI) with 100 pi

of 20 % dodecyltrimethylammonium bromide (DTAB) (D-8638, Sigma

Chemical Company). The DTAB was added to inactivate MAO.

Results

MAO Band MAO-3

10 In this example, substrate MAO-3 (Figure 13; stock = 8.19 mM in

DMSO) was serially diluted in DMSO, and 5 pi aliquots of each substrate

dilution were placed in separate wells of a white, opaque 96-well plate. To

initiate Step 1, 45 pi of enzyme and buffer were added to each well. This 45 pi

contained 10 pi 1 M Tricine pH 8.3, 5 pi 200 mM MgS04j 29 pi H20, and 1 pi

15 of 5 mg/ml microsomes containing human recombinant monoamine oxidase B

(MAO B) expressed in baculovirus infected insect cells (M-7441, Sigma

Chemical Company). Step 1 was incubated at room temperature for one hour.

Step 2 was initiated by adding 50 pi of the reconstituted luciferin detection

reagent to each well. After 20 minutes, the luminescent signal from the 100 pi

20 reaction was read on a Veritas plate luminometer. To measure the activity of

luciferase towards the luciferin derivative, the luminescent signal was also read

from control wells in which MAO B was substituted with H2O in Step 1

.

The relative light units (RLUs) measured are shown in Table 21.
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Table 21

[MAO-3] (uM) no MAO MAO B net RLUs

819.00 28342 54262 25920

409.50 13966 37602 23636

204.75 7294 29701 22407

102.38 3535 24242 20707

51.19 1757 20078 18321

25.59 1070 14104 13034

12.80 522 9317 8795

6.40 284 5493 5209

3.20 215 2973 2758

1.60 138 1617 1479

0.80 112 962 850

A fit of this data in TableCurve Windows vl.O (Jandel Scientific, AISN

Software) yielded a Km value of 24 ± 1 uM and a signal-to-background ratio at

5 the Km value of about 13.

MAO A and MAQ-7

In this example, microsomes (5 mg/ml) containing human recombinant

monoamine oxidaseA (MAO A) expressed in baculovirus infected insect cells

(M-7316, Sigma Chemical Company) were diluted 10-fold in 100 mM Tricine

10 pH 8.3, and 10 ul aliquots of the diluted microsomes were placed in separate

wells of a white, opaque 96-well plate. Substrate MAO-7 (Figure 13; stock =

23.2 mM in DMSO) was serially diluted in DMSO. To initiate Step 1, 40 ul of

substrate and buffer were added to each well. This 40 ul contained 10 ul 1 M
Tricine pH 8.3, 5 ul 200 mM MgS04, 15 ul H20, and 10 ul of each substrate

15 dilution. Step 1 was incubated at room temperature for one hour. Step 2 was

initiated by adding 50 pi of the reconstituted luciferin detection reagent to each

well. After 20 minutes, the luminescent signal from the 100 pi reaction was read

on a Dynex plate luminometer. To measure the activity of luciferase towards the

luciferin derivative, the luminescent signal was also read from control wells in

20 whichMAO A was substituted with H20 in Step 1

.
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The relative light units (RLUs) measured are shown in Table 22.

Table 22

[MAO-7] (pM) no MAO MAO A net RLUs

4640 11.504 650.305 638.801

2320 6.0332 542.257 536.2238

1160 3.2977 390.469 387.1713

580 1.6627 224.458 222.7953

290 0.8456 124.435 123.5894

145 0.4563 64.975 64.5187

72.5 0.2556 32.52 32.2644

36.3 0.1312 16.821 16.6898

18.1 0.1033 8.5338 8.4305

A fit of this data in TableCurve Windows vl.O (Jandel Scientific, AISN

5 Software) yielded a Km value of 1560 ± 130 jiM and a signal-to-background

ratio at the Km value of about 95.

MAO A and MAO-3. MAO A and MAO-7. MAO B and MAO-3. MAO B and

MAO-7

In this example, microsomes (5 mg/ml) containing human recombinant

10 . monoamine oxidaseA (MAO A) expressed in baculovirus infected insect cells

(M-7316, Sigma Chemical Company) were diluted 10-fold in 200 mM Tricine

pH 8.3, and 10 pi aliquots of the diluted microsomes were placed in separate

wells of a white, opaque 96-well plate. Substrates MAO-3 (stock = 9.2 mM in

0.2 % H2S04/DMSO) and MAO-7 (stock = 26 mM in 0.2 % H2SO4/DMSO)

15 were serially diluted in 0.2 % H2SO4/DMSO. To initiate Step 1, 40 fil of

substrate and buffer were added to each well. This 40 |il contained 10 \i\ 1 M

Tricine pH 8.3, 5 \il 200 mM MgS04, 5 pi 10 % Tergitol NP-9, 10 \xl H20, and

10 pi of each substrate dilution. Step 1 was incubated at room temperature for

one hour. Step 2 was initiated by adding 50 pi of the reconstituted luciferin

20 detection reagent to each well. After 20 minutes, the luminescent signal from the

100 pi reaction was read on a Dynex plate luminometer. To measure the activity

of luciferase towards the luciferin derivative, the luminescent signal was also
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read from control wells in which MAO A or MAO B was substituted with HaO

in Step 1.

The relative light units (RLUs) measured are shown in Tables 23-24.

Table 23

tin MAD MAO A MAO B net A netB

362.398 121.469 328.174

920 19.128 108.18 231.563 89.052 212.435

460 10.157 65.297 143.784 55.14 133.627

230 4.8948 33.833 77.778 28.9382 72.8832

115 2.4175 17.977 40.089 15.5595 37.6715

57.5 1.2856 . 9.4777 20.741 8.1921 19.4554

28.8 0.5877 4.5843 10.46 3.9966 9.8723

14.4 0.3338 2.1812 5.5996 1.8474 5.2658

7.2 0.1692 1.2114 2.7601 1.0422 2.5909

3.6 0.1074 0.6851 1.6472 0.5777 1.5398

Table 24

[MAO-7] (mM) no MAO MAO A MAO B net A netB

5200 10.65 553.51 52.972 542.86 42.322

2600 6.7022 490.271 43.713 483.5688 37.0108

1300 3.8297 342.71 39.242 338.8803 35.4123

650 2.1547
;

196.223 26.367 194.0683 24.2123

325 1.189 97.309 16.235 96.12 15.046

162.5 0.5589 50.033 9.1463 49.4741 8.5874

81.3 0.3343 22.845 5.0852 22.5107 4.7509

40.6 0.1641 11.762 2.7455 11.5979 2.5814

20.3 0.0942 6.1583 1.4467 6.0641 1.3525

10.2 0.0754 2.8488 0.7627 2.7734 0.6873

A fit of this data in TableCurve Windows vl.O (Jandel Scientific, AISN

Software) yielded the RLUraax and values shown in Table 25. As indicated by
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the ratio RLUmax/Km, MAO-3 is a more specific substrate forMAO B and MAO-

7 is a more specific substrate forMAO A.

Table 25

RLUmax Km (mM) RLUmax/Km (raM
1

)

MAO A & MAO-3 210 1.32 159

MAO B & MAO-3 660 1.88 351

MAO A & MAO-7 750 1.7 441

MAOB&MAO-7 48 0.65 74

5

MAO A and MAO-l 1 . and MAO B and MAO-1

1

In this example, MAO-1 1 (Figure 13), the methyl ester derivative of

MAO-3 3
was synthesized in an effort to increase enzyme specificity by

decreasing the charge of the substrate and lowering the Kra values of the MAO

10 enzymes. Microsomes (5 mg/inl) containing human recombinant monoamine

oxidase A (MAO A) or B (MAO B) expressed in baculovirus infected insect

cells (M-7316 and M-7441, respectively, Sigma Chemical Company) were

diluted 5-fold in 100 mM HEPES pH 7.4, and 5 jil aliquots of the diluted

microsomes were placed in separate wells of a white, opaque 96-well plate.

15 Substrate MAO-1 1 (stock = 16.4 mM in DMSO) was serially diluted in DMSO.

To initiate Step 1, 45 /.il of substrate and buffer was added to each well. This 45

|il contained 10 pi 500 mM HEPES pH 7.4, 5 jjlI 200 mM MgS04 , 28 \xl H20,

and 2 pi of each substrate dilution. Step 1 was incubated at room temperature for

one hour. Step 2 was initiated by adding 50 jil of the reconstituted luciferin

20 detection reagent to each well; 0.5 |il of 3.57 units/pl porcine liver esterase (E-

2884, Sigma Chemical Company) was also added to each well to remove the

ester prior to reaction with luciferase. After 30 minutes, the luminescent signal

from the 100 pi reaction was read on a Veritas plate luminometer. To measure

the activity of luciferase towards the luciferin derivative, the luminescent signal

25 was also read from control wells in which MAO A or MAO B was substituted

with H20 in Step 1.

The relative light units (RLUs) measured are shown in Table 26.
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Table 26

[MAO-1 l](nM) no MAO MAO A MAO B net A netB

656 117465 8633713 551608 8516248 434143

328 62791 8924217 515953 8861426 453162

164 33056 8079844 509311 8046788 476255

82 17316 6575618 466321 6558302 449005

41 10457 4799614 467175 4789157 456718

20.5 6653 2856723 454410 2850070 447757

10.25 3671 1136043 348002 1132372 344331

5.13 2084 475853 251284 473769 249200

2.56 1271 211752 183244 210481 181973

1.28 823 94496 114581 93673 113758

0.64 647 44547 67136 43900 66489

0.32 441 19973 31996 19532 31555

A fit of this data in TableCurve Windows vl.O (Jandel Scientific, AISN

Software) yielded Kra values of47 ± 6 and 4.4 ± 0.4 \iM and signal-to-

5 background ratios at the Km values of about 450 and about 130 for MAO A and

MAO B, respectively. This represents 33-fold and 5,5-fold decreases in the Km
values forMAO A and MAO B, respectively, and demonstrates the advantage of

using esterified substrates in Step 1 and including esterase in Step 2.

Measurement of ICjQ values

10 In this example, test compounds were serially diluted in H2O, and 12.5 jxl

aliquots of each dilution were placed in separate wells of a white, opaque 96-

well plate. Substrate MAO-1 1 was diluted (stock =16.4 mM) in 200 mM
HEPES, 10% glycerol, pH 7.4 (+20% dimethyl sulfoxide forMAO B), and 12.5

jixl aliquots of 160 pM or 36 ^M MAO-1 1 were added to each well for reactions

15 with MAO A or MAO B, respectively. Microsomes (5 mg/ml) containing human

recombinant monoamine oxidase A (MAO A) or B (MAO B) expressed in

baculovirus infected insect cells (M-7316 and M-7441, respectively, Sigma

Chemical Company) were diluted 25-fold in 100 mM HEPES, 5% glycerol, pH

7.4 (+10% dimethyl sulfoxide for MAO
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B), and to initiate Step 1, 25 fal aliquots of the diluted microsomes were added to

each well. Step 1 was incubated at room temperature for one hour. Step 2 was

initiated by adding 50 jil of a modified, reconstituted luciferin detection reagent

to each well. In this modified reagent, a botde of Luciferin Detection Reagent

5 (V859A, Promega Corp., Madison WI) was dissolved in 200 mM PIPES, pH 6.7,

6.8 mM MgS04 , 2 % Tergitol NP-9, 0.2 % dodecyltrimethylammonium bromide

(DTAB) (D-8638, Sigma Chemical Company), 0.2 % Mazu DF-204, 18 ^M 2-

(4-aminophenyl)-6-methylbenzthiazole (APMBT), and 20 U/ml porcine liver

esterase (E-2884, Sigma Chemical Company). After 30 minutes, the luminescent

10 signal from the 100 \xl reaction was read on a Dynex plate luminometer. To

measure the activity of luciferase towards the luciferin derivative, the

luminescent signal was also read from control wells in which MAO A or MAO
B was substituted with 100 mM HEPES, 5% glycerol, pH 7.4 (+10% dimethyl

sulfoxide for MAO B) in Step 1.

1 5 The relative light units (RLUs) measured are shown in Tables 27-29.

Table 27

MAOA MAO B percent activity

[CLOR]

(mM) enzyme

no

enzyme enzyme

no

enzyme

MAO

A

MAO

B

250.0000 20.839 25.21 96.566 4.2724 -0.009 11.286

83.3333 20.754 19.884 231.028 4.0911 -0.010 27.679

27.7778 22.496 19.544 460.408 3.992 0.018 55.645

9.2593 27.131 20.336 748.578 4.016 0.091 90.778

3.0864 35.455 20.883 799.833 3.8485 0.224 97.027

1.0288 66.13 21.173 824.099 4.052 0.714 99.985

0.3429 125.226 21.205 835.201 4.2169 1.657 101.339

0.1143 359.688 20.964 848.71 3.8082 5.399 102.986

0.0381 4403.78 20.538 855.032 3.8881 69.939 103.756

0.0127 5556.07 20.811 827.772 3.8107 88.329 100.433

0.0042 5848.05 21.288 828.424 3.9595 92.988 100.512

0.0014 6287.39 24.955 824.222 4.028 100.000 100.000
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Table 28

MAO A MAOB percent activity

fDFPl Tinno no MAD TV/fAA
ivLt\\J

(mM) enzyme enzyme enzyme A D

I? 4
? 00000 07a 9^ 91 7 HSHQ/.U0U0 A 979/t J.OO /

A 370u.3 /y

*r 1 .VJtMJU 1
1491 31 1 Q QQA 1 9 £Gfiiz.oyo A AOI 1 91Zl .DO J 1 A71l.U/1

1 J.00007 OQ/11 AO 1 A </1 A o<r 1 </ij4 1 QAO AA OOO O /CATz.oU3

AQ1Q 1A OA 55.001 A A1 <C4.016
7r cQA 0.357

ouiy.iz OA OOIz0.oo3 1 OA 110129.13o 3.o4o5 AO QOayz.3yi

fi <\1A40 63 /J.51 01 1 TJ21.173 OAn 001290.883 /{ ACO4.052 AO OOO a c aao35.303

A 171/17 6702.08 21.205 521.983. ,4.2169 102.914 63.742

0.05716 6549.63 20.964 704.981 3.8082
1 f\f\ CSC
100.565 86.261

n ai oa^ 6607.84 20.538 789.888 3.8881 101.462 96.709

6810.54 20.811 825.09 3.8107 104.584 101.041

0.00212 6494.65 21.288 805.968 3.9595 99.718 98.688

0.00071 6512.94 24.955 816.628 4.028 100.000 100.000

TnUla OA
1 aole zy

MAO A MAOB percent activity

IrbAJ no no MAO MAO

^IJjUVJJ enzyme enzyme enzyme enzyme A B

nfiSO 000 84.655 25.21 7.5654 4.2724 0.986 0.417

45SO 000 282.629 19.884 11.202 4.0911 4.072 0.842

1516 667 789.167 19.544 24.813 3.992 11.969 2.434

505.556 2001.33 20.336 57.877 4.016 30.866 6.301

168.519 3890.4 20.883 130.845 3.8485 60.315 14.833

56.173 5520.26 21.173 322.368 4.052 85.723 37.230

18.724 6127.62 21.205 623.72 4.2169 95.192 72.470

6.241 6374.2 20.964 757.033 3.8082 99.036 88.060

2.080 6623.63 20.538 827.386 3.8881 102.924 96.287

0.693 6497.46 20.811 822.64 3.8107 100.957 95.732

0.231 6497.21 21.288 855.314 3.9595 100.953 99.553

201



WO 2006/130551 PCT/US2006/020731

MAO A MAO B percent activity

[PEA]

(mM) enzyme

no

enzyme enzyme

no

enzyme

MAO

A

MAO

B

0.077 6436.06 24.955 859.135 4.028 100.000 100.000

A fit of this data in TableCurve Windows vl.O (Jandel Scientific, AISN

Software) yielded IC50 values that match published values (see Table 30).

5 Table 30

IC50 (\M)

published values

(HM)

compound MAO A MAOB
MAO

A MAOB

clorgyline (CLOR) 0.024 ±0.007 24±5 0.025 79

deprenyl (DEP) 7.1 ±0.8 0.151 ±0.008 5 0.13

phenethylamine (PEA) 134 ±9 20±2 78-280 2-150

B. Assays with a Fluorogenic Derivative

In the following example, reactions were assembled in which a substrate

exhibiting low fluorescence was incubated with MAO. This may generate a

10 species that may undergo spontaneous p-elimination to form a product

exhibiting high fluorescence. The fluorescent signal was then measured

(excitation/emission = 355/460 nm) on a Fluoroskan Ascent plate fluorometer.

Microsomes containing human recombinant monoamine oxidase A

(MAO A) or B (MAO B) expressed in baculovirus infected insect cells (M-73 16

15 and M-7441, respectively, Sigma Chemical Company) were diluted 10-fold in

200 mM Tricine pH 8.3, and 10 fxl aliquots of the diluted microsomes were

placed in separate wells of a black 96-well plate. Substrate MAO-F3 (Figure 1 1;

stock = 69. 1 mM in DMSO) was serially diluted in DMSO. To initiate the

reaction, 90 fil of substrate and buffer was added to each well. This 90 jlx!

20 contained 35 \il 200 mM Tricine pH 8.3, 35 \il 200 mM Tricine pH 8.7 (or

water), 10 ^1 200 mM MgS04, and 10 \xl of each substrate dilution. The 100 ^1

202



WO 2006/130551 PCT7US2006/020731

reaction was incubated at room temperature for one hour and the fluorescent

signal was read on a Fluoroskan Ascent plate fluorometer. To measure the

fluorescence of the derivative, the fluorescent signal was also read from control

wells in which MAO A or MAO B was substituted with H20.

5 The relative fluorescent signals measured are shown in Table 3 1

.

Table 31

[JVLAU-rjJ vjiMJ no JVLAU TV/T A r\ AMAU A A/fAO PI net A net o

863.75 o/ol 1 1101
1 1511. in^6ilLOOl

An 1 DO431.88 5Uy / iy!>3u 1 1401

TIC Q/l jj ij 1 6791 1414.0 10774

107.97 2037 13930 11704 11893 9667

53.98 1210 11555 9885 10345 8675

26.99 633 8461 7468 7828 6835

13.50 348 6078 5239 5730 4891

6.75 197 4129 3683 3932 3486

3.37 118 2604 2198 2486 2080

1.69 78 1486 1353 1408 1275

0.84 57 815 689 758 632

0.42 48 431 375 383 327

0.21 48 240 202 192 154

A fit of this data in TabieCurve Windows vl.O (Jandel Scientific, AISN

Software) yielded Km values of 21 ± 1 |iM and 16 ± 1 pM and signal-to-

10 background ratios at the Kra values of about 1 5 and about 1 3 for MAO A and

MAO B, respectively.

Conclusion

Thus, luciferin and fluorophore derivatives allow MAO (see Figures 1

1

and 13) to be measured through conversion of the derivative. Conversion of the

1 5 derivative may not directly generate native luciferin or a fluorogenic molecule,

but may yield an intermediate that converts to luciferin or the fluorogenic

molecule, or produces an intermediate that is a substrate for luciferase. Such

compounds are useful to measure MAO, or inhibitors or substrates for MAO.
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One luciferin derivative tested (fluoroluciferin) gave a non-pH dependent light

signal.

In particular, luciferin derivatives such as MAO #1,3 and the like were

transformed by monoamine oxidases A and B to a product that may be utilized

5 by luciferases much more effectively than the derivative, allowing these

enzymes to be measured easily and effectively. Some of these compounds, such

as MAO #1, #3, #4 (Figure 13), were designed such that the monoamine oxidase

reaction would generate a product that would be able to spontaneously cleave off

the luciferin nucleus in an elimination reaction. The data suggested that this

10 elimination reaction, if it takes place, surprisingly takes place very rapidly. Such

a reaction thus allows for the measurement of the MAO enzymes without the

need for a second incubation step for the elimination reaction to go to

completion. Additional derivatives were generated that were designed to

increase the rate of the elimination reaction by inclusion of a fluoride atom on

1 5 the luciferin nucleus. Such an enhancement may be generally useful in other

elimination reactions. Moreover, the product of those reactions may be utilized

as a luciferase substrate.

C. Luciferin Derivatives for FMO Assay

In the following examples, reactions were assembled in which a luciferin

20 derivative was incubated with FMO (Step 1). This may generate a species that

may undergo spontaneous beta-elimination to form luciferin. A reconstituted

luciferin detection reagent (see previous examples) was then added (Step 2), and

the light production from the mixture was measured with either a Dynex or

Veritas plate luminometer.

25 FMO 1 and FMO 3 and substrate FMO-2

In this example, 1 |il aliquots ofmicrosomes containing human

recombinant flavin-containing monooxygenase 1 (FMO 1) or 3 (FMO 3)

expressed in baculovirus infected insect cells (F-4928 and F-5053, respectively,

Sigma Chemical Company) were placed in separate wells of a white, opaque 96-

30 well plate. To initiate Step 1, 49 [il of substrate and buffer was added to each

well. This 49 jil contained 5 jul 200 mM CHES pH 9.5, 2.5 pi Solution A, 0.5 |xl

Solution B, 39 j^l H20, and 2 [il of 3.75 mM substrate FMO-2. Solution A and
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Solution B are components of the NADPH Regeneration System (V9510,

Promega Corp., Madison WI). SolutionA contains 26 mM NADP+
, 66 mM

glucose-6-phosphate, and 66 mM MgCb. Solution B contains 40 units/ml

glucose-6-phosphate dehydrogenase in 5 mM citrate pH 5.5. Step 1 was

5 incubated at room temperature for four hours. Step 2 was initiated by adding 50

|il of the reconstituted luciferin detection reagent to each well. After 30 minutes,

the luminescent signal from the 100 reaction was read on a Dynex plate

luminometer. To measure the activity of iuciferase towards the luciferin

derivative, the luminescent signal was also read from control wells in which

10 FMO 1 or FMO 3 was substituted with microsomes from wild type baculovirus

infected insect cells (M-7566, Sigma Chemical Company) in Step 1.

The relative light units (RLUs) measured are shown in Table 32.

Table 32

sample control FMO 1 FMO 3

RLUs 8.7102 8.5489 11.778 12.006 12.194 10.425

15 FMO 3 and substrate MAO-7

In this example, 5 jil aliquots ofmicrosomes containing human

recombinant flavin-containing monooxygenase 3 (FMO 3) expressed in

baculovirus infected insect cells (F-5053, Sigma Chemical Company) were

placed in separate wells of a white, opaque 96-well plate. Substrate MAO-7

20 (Figure 13, stock = 1 7.2 mM in DMSO) was serially diluted in DMSO.

To initiate Step 1, 45 \x\ of substrate and buffer was added to each well.

This 45 nl contained 10 ^1 200 mM CHES pH 9.5, 2.5 jjiI Solution A, 0.5 nl

Solution B, 30 \il H20, and 2 \il of each substrate dilution. Solution A and

Solution B are components of the NADPH Regeneration System (V9510,

25 Promega Corp., Madison WI). Solution A contains 26 mM NADP+
, 66 mM

glucose-6-phosphate, and 66 mM MgCl2 . Solution B contains 40 units/ml

glucose-6-phosphate dehydrogenase in 5 mM citrate pH 5.5. Step 1 was

incubated at room temperature for one hour. Step 2 was initiated by adding 50 |il

of the reconstituted luciferin detection reagent to each well.
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After 30 minutes, the luminescent signal from the 100 jul reaction was

read on a Veritas plate luminometer. To measure the activity of luciferase

towards the luciferin derivative, the luminescent signal was also read from

control wells in which FMO 3 was substituted with microsomes from wild type

5 baculovirus infected insect cells (M-7566, Sigma Chemical Company) in Step 1

.

The relative light units (RLUs) measured are shown in Table 33.

Table 33

[MAO-7] (nM) control FMO 3 net FMO 3

688 7213 42707 35494

516 6137 40329 34192

344 4486 34036 29550

258 3592 28987 25395

172 2571 22463 19892

129 2004 19332 17328

86 1585 13646 12061

43 1043 8220 7177

A fit of this data in TableCurve Windows vl .0 (Jandel Scientific, AISN

10 Software) yielded a Km value of200 ± 20 pM and a signal-to-background ratio

at the Km value of about 8.5. Figures 14-15 provide exemplary FMO substrates.

Example 4

Luciferin Derivatives as Substrates ofAlkaline Phosphatase

15 In this example, AP4, a luciferin derivative, was reacted with various

amounts of calf intestinal alkaline phosphatase in the presence of luciferase and

ATP and light production recorded as a way of measuring alkaline phosphatase

activity.

Materials and Methods

20 Luciferin derivative AP 4, was dissolved in 50 mM Tris CI pH 7.5 to

produce a 4.3 mM solution of the compound.
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Alkaline Phosphatase (Promega Corp. Ml 821) was diluted in 50 mM
Tris CI, pH 9.3, 1 mM MgCI2 , 0. 1 mM ZnCl2 to a concentration of 1 finol/|il to

0.01 zeptomole/pl

A reaction solution was assembled containing 1 jiM AP 4 (Figure 69);

5 100 ng/ml of the thermostable luciferase, 2 mM ATP; 10 mM MgCl2 ; 100 uM

ZnCl2 in 50 mM Tris CI, pH 8.5. This solution was allowed to incubate for 1

hour at room temperature to reduce background light production.

Quadruplicate wells in a luminometer plate (Nunc Maxisorb plate) were

given 10 \il of the diluted alkaline phosphatase stocks and 100 of reaction

10 solution. The plate was incubated at room temperature for 30 minutes, then the

light produced by the solutions was measured using a Veritas Luminometer.

Results

The following average light readings were calculated from the raw data

(Table 34).

15

Table 34

#AP

molecules

Reaction

1

Reaction

2

Reaction

3

Reaction

4

Avg

Reading

Net

Reading

0 2620 2735 2612 2531 2624.5 0

6 2706 2807 2631 [lost] 2714.67 89

60 2920 2795 2728 2647 2772.5 148

600 3118 3051 3345 2805 3079.8 455

6,000 3189 3144 3002 3405 3185 560

60,000 5956 5641 5416 5728 5685.3 3060

600,000 30042 31132 29781 31679 30658.5 28034

6,000,000 281115 254693 265592 296642 274510.5 271886

60,000,000 2639163 2283882 2320675 2334267 2394497 2391872

Since the signal seen increased incrementally with increasing numbers of

alkaline phosphate molecules, the signal was due to the action of alkaline

20 phosphate. Exemplary AP substrates are shown in Figure 16.
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Example 5

A. Screening a Human Cytochrome P450 with Luciferin Derivatives

5 A number of luciferin derivatives useful to detect P450 enzymes in a two

step format were prepared: A, B and C ring modifications on (4S)-4,5-dihydro-2-

(6-hydroxybenzothiazolyl)-4-thiazolecarboxylic acid (D-luciferin), and A ring

modifications on (4S)-4,5-dihydro-2-(6-aminobenzothiazolyl)-4-

thiazolecarboxylic acid (aminoluciferin). In particular, these derivatives were

10 prepared in an effort to identify luminogenic substrates for P450 enzymes that

were not substantially active with previously prepared luminogenic substrates

(U.S. published application 20040171099) or that showed stronger activity with

certain enzymes. In addition, it was also of interest to identify substrates with

improved selectivity for single P450 enzymes. As described below, in addition

15 to new P450 substrates, luciferin esters were identified that are luminogenic

substrates for carboxylesterases. Luciferin derivatives were tested as substrates

for each of a panel of cytochrome P450 enzymes. Derivatives useful as P450

substrates may be employed in assays to detect inhibitors for particular P450

enzymes (see Figures 17-18).

20 A two-step luminescent approach was used to measure P450 activity

(Cali, Cell Notes . 7:2 (2003); Cali et al, CeU Notes . 13:8 (2005a); and Cali,

Bioluminescent P450 assays that use D-luciferin derivatives as substratesfor

CYP1A1, 1A2, 1B1, 2C8, 2C9, 2J2, 3A4, 3A7, 4A11, 4F3B, 4F12 and 19, Proc.

14
th

Int. Conf. Cytochromes P450, Medimond Int. Proc. (2005b)). Briefly, a

25 P450 enzyme reacts with a luciferin derivative to leave D-luciferin as a reaction

product The D-luciferin is then detected in a luciferase reaction mixture, where

luminescence in the reaction is directly proportional to the amount of D-luciferin

generated. A sample that contains active P450 enzyme is compared to a control

that is devoid ofP450 activity. A P450-containing sample that gives a

30 luminescent signal in significant excess over the control is scored as active

without suggesting a reaction mechanism.

Materials and Methods
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P450s are Supersomes purchased from Discovery Labware

(BD/Gentest ). These are membrane fractions from an insect cell expression

system where the P450 has been co-expressed with P450 reductase. CYP2A6,

2B6, 2C8, 2C9, 2C19, 2E1, 2J2, 3A4, 3A7, 4F2, 4F3A, 4F3B and 4F12 also

5 contain cytochrome b5. HLM is human liver microsomes.

In samples labeled "control", P450 Supersomes™ or HLM was replaced

with a membrane preparation without P450 expression from the insect cell

expression system used for the Supersomes™.

A 2X concentrated P450 reaction mixture for each P450 was prepared

10 with an appropriate buffer and substrate:

IX buffers:

100mMKPO4,pH7.4:CYPlAl, 1A2, 1B1,2D6,2E1,

3A5, 3A7, 2J2, 4F12, 19, HLM and insect cell control

50 mM KP04 , pH 7.4: CYP2B6, 2C8, 2C19, 4F2, 4F3A,

15 4F3B.

25 mM KP04j pH 7.4: CYP2C9

- 200 mM KP04,
pH 7.4: CYP3A4 (the KPO4 is withheld

from the CYP3A4 mix but added with the NADPH

regeneration solution in a subsequent step).

20 100 mM TrisHCl, pH 7.5: CYP2A6, 2C18, 4A1 1.

IX substrate concentration: 50 |iM.

Each Supersome™ reaction mixture contained 1 pmole P450/50 jjL

reaction (except CYP19 that was used at 5 pmoles/50 \iL reaction where

indicated). The HLM reactions contained 20 mg HLM/50 jiL reaction, except

25 where indicated otherwise. Control insect cell membranes were at 50 p.g/50 \iL.

A 2X NADPH regeneration solution was prepared as follows for all

reactions except CYP3A4: 2.6 mM NADP+, 6.6 mM glucose-6-phosphate, 6.6

mM MgCb and 0.8 U/ml glucose-6-phosphate dehydrogenase. A 2XNADPH

regeneration solution was prepared for use with CYP3A4: 2.6 mM NADP+, 6.6

30 mM glucose-6-phosphate, 6.6 mM MgCb, 0.8 U/ml glucose-6-phosphate

dehydrogenase and 400 mM KPO4.
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25 ^1 of each 2X P450 reaction mixture was added to 3 wells of a white

opaque 96 well plate. Reactions were initiated by adding 25 pi of the 2X

NADPH regeneration solution. The plate was placed in a 37°C H20 bath for 30

minutes. The reactions were stopped and luminescence initiated by adding 50 |il

5 of a P450-Glo™ luciferin detection reagent (LDR) (Promega Corp.). 20

units/ml of porcine or rabbit esterase (PE) was added to LDR in cases where the

P450 luminogenic substrate was a carboxyl ester (see individual experiments for

an indication ofwhen esterase was included). The plate was moved to room

temperature and after 20 minutes, luminescence was read as relative light units

1 0 (RLU) on a plate reading luminometer (Polarstar Optima by BMG Labtech or

Veritas™ by Turner Biosystems).

Results

Figures 17-18 show data for a panel of recombinant human P450s, HLMs

and a control insect cell membrane preparation devoid ofP450 activity with 41

15 different luciferin derivatives. P450s that converted a derivative to a luminogenic

product are identified as those that gave signals that were greater than the control

samples. P450 activity against a derivative is also indicated by signals from

HLM reactions that were greater than control. Lines 1 1 - 14 of Figures 17-18

show data for 4 different luciferin derivatives with two A ring modifications.

20 The derivative in line 1 1 is modified at positions 4 and 6 and is a preferred

substrate for isozymes 1Al, 1A2, 2C8 and 2C9. The derivative shown in line 12

is also modified at positions 4 and 6, and is a preferred substrate for isozymes

1A1, 1A2, 2C8 and 2C9. The derivative in line 13 is modified at positions 5 and

6, and is a preferred substrate for isozymes 1A2 and 4A1 1, and to a lesser degree,

25 a substrate of 2C8 and 2C9. The derivative in line 14 is modified at positions 5

and 6, and is a preferred substrate for isozymes 2C9 and 4A1

1

Lines 1-10 of Figures 17-18 give RLU for a panel of cytochrome P450

enzymes with 10 different single A ring modified luciferin derivatives. All ten

derivatives were substrates for P450s, but had different enzyme selectivity

30 profiles. The compounds in lines 7 and 8 are bisluciferins.

Lines 15-20 of Figures 17-18 give RLU for a panel ofP450 enzymes

with luciferin derivatives with a A ring modification and a B ring modification.
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Quinolylluciferin 6-methyl ether is a preferred substrate for 1A2 and 4A11,

while quinolylluciferin 6-benzyl ether was a preferred substrate for 3A7, and to a

lesser degree a substrate for 3A4 and 2C8. Naphthylluciferin 6-methyl ether and

quinoxalylluciferin 6-methyl ether are a substrate for 4A1 1.

5 Lines 21-23 ofFigures 17-18 show data for aminoluciferin derivatives.

Two of the derivatives were a preferred substrate for 1Al, while the other

derivative was a substrate for 3A7, and to a lesser degree a substrate for 2C8 and

2C9, although background RLUs for that derivative were high.

Lines 24-36 of Figures 17-18 show data for derivatives with a C ring and

10 a A ring modification. Derivatives with C and A ring modifications showed

substantial signals above controls with certain P450 enzymes (e.g. CYP1 Al,

CYP1A2, CYP2C19, CYP2D6). It was also demonstrated with some of these

derivatives (luciferin H ethyleneglycol ester, 6-m-picolinyl luciferin methyl ester,

6-/?-picolinyl luciferin methyl ester, and luciferin 6-methylether propanol ester)

15 that the addition of esterase (+PE) causes substantially more light to be produced

than without PE. This indicates that P450s react at the site of the A-ring

modification and that the carboxyl esters (C-ring modifications) are cleaved by

carboxyl esterase activity (PE). With the addition of a C ring modification to an

A ring derivative it was possible to alter the P450 enzyme selectivity profile. For

20 example, the compounds in lines 33-36, all C-ring derivatives of luciferin 6

methyl ether (anA ring derivative) showed substantial activity with CYP2D6,

whereas luciferin 6-methyl ether has an extremely low activity with CYP2D6.

The addition of a picolinyl to the A or C ring of D-luciferin yielded

substrates with different specificities for P450 isozymes and RLUs (lines 27 and

25 28-32 in Figures 17-18).

The RLU for some reactions where RLU is less than robust may be

enhanced by the addition of esterase (lines 24-25, 28-29, 30-31, 34-35, and 38-

39 in Figures 17-18).

Data for other derivatives and P450 enzymes are also shown in Figures

30 20-26, 28-37A, and 38-50.

Showing activity for P450s for which no adequate luminogenic substrate

currently exists were 5,6-dimethoxyluciferin, 6(p-aminophenyloxy)-

quinolylluciferin and luciferin-6-isobutylcarbonate (lines 14, 17 and 9 in Figures
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17-18). CYP2A6, CYP2E1 and CYP2C18 are enzymes that reacted with these

compounds but not with previously available luminogenic compounds. 5,6-

dimethoxyluciferin and 6(p-aminophenyloxy)-quinolylluciferin did not produce

large luminescent signals with any P450, indicating that the enzymes that react

5 with these substrates do so at a slow rate. Luciferin 6-isobutylcarbonate was non-

selective in that it gave large luminescent signals with several P450s. This

compound also gave a large background signal (minus P450 control samples)

suggesting that it is chemically unstable in a way that gives rise to free D-

luciferin.

10 Some compounds showed good selectivity for a single P450 enzyme over

other P450 enzymes. Bis-luciferin-methylenediether and bis-luciferin-

xylyldiether were selective for CYP1Al or CYP3A7, respectively. The

selectivity of the latter compound for CYP3A7 indicates that it would be a

highly selective probe substrate for CYP3A7. 6'-/?-chlorophenylthiol-methoxy-

15 luciferin (line 2 in Figures 17-18) also showed selectivity for CYP3A7 (Figure

47). CYP3A7 selective substrates may be particularly useful in fetal and

neonatal liver samples where CYP3A7 is the dominant P450 and in pediatric

samples where CYP3A7 is gradually replaced over time by CYP3A4 (Stevens et

al., J. Pharm. Exp. Ther. . 307:573 (2003)). With these substrates CYP3A7

20 activity could be selectively measured against a background of CYP3A4 and

other P450 activities. The selectivity of bis-luciferin-methylenediether for

CYP1A1 would be particularly useful for differentiating CYP1Al activity from

other P450s, especially CYP1A2 and CYP1B1, which react with many of the

same substrates as CYP1Al and are also co-expressed with CYP1Al in certain

25 tissues (Shimada et al., Drug Metab. Dispos.. 29:6 1 7 ( 1 997)). Additional

compounds were synthesized that showed improved selectivity for a single P450.

Notably, N-benzyloxycarbonyl aminoluciferin and N-isobutoxycarbonyl

aminolucifern showed strong selectivity for CYP1Al (lines 22-23 in Figures 17-

18).

30 The non-carboxylic acid luciferins, luciferin-6-methylether hydrazide and

luciferin-6-methylether-methoxylamide showed good selectivity for CYP1A2

over the other P450s tested (lines 40 and 41 in Figures 17-18). 6'(2,5-

ditrifluoromethylbenzyloxy)-luciferin, 6'(o-trifluoromethylbenzyloxy)-luciferin,
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6'(2,3,4,5,6 pentafluoro-benzyloxy)-luciferin, 6
,

-(2
J
3 ?
4,6-tetrafluoro-5-((4-

phenylpiperizin-l-yl)methyl)benzyloxy)-luciferin
J
6HM(4i>henyl-piperizin-l-

yl)methyl)benzyloxy)-luciferin, 6X2,4,6-trimethylbenzyloxy)-luciferin and

6T)enzyloxymethoxy~quinolylluciferin were selective for three members of the

5 CYP3A subfamily, CYP3A4, CYP3A5 and CYP3A7 (Figures 45-46). This was

an improvement in selectivity for CYP3A over benzyloxy luciferin, which was

previously shown to react also with CYP4F12 (Cali, 2005b)

The human CYP3A4 enzyme is the most prominent drug-metabolizing

P450. To determine whether certain luminogenic substrates for CYP3A4 had

10 improved properties over the previously identified 3A4 substrates, luciferin 6-

benzyl ether and luciferin 6
f

3-picolinyl ether, some luciferin derivatives were

synthesized and tested for improved selectivity, reduced background

luminescence and increased turnover rate, which leads to brighter signals. The

benzyl and picolinyl ethers cross reacted significantly with human 3A7 and the

15 benzyl ether also cross reacted with human CYP4F12. The benzyl ether also

showed a high background luminescence that could be from an inefficient light

generating reaction with luciferase that occurs even in the absence of

debenzylation by P450.

To improve substrates to assay for CYP3A4, e.g., substrates with

20 increased stability, reduced background and/or useful in cell-based assays,

luciferin derivatives, some with halogens were prepared (lines 5 and 6 in Figures

17-18). For instance, modifications to benzyl on luciferin-6-benzyiether, e.g.,

including adding halogen, alkyl, OH or NH2 to one or more ring atoms, may lead

to lower background luminescence. Thus, the following compounds may have

25 increased specificity and/or reduced background and may be useful in cell-based

assays.

o

X=0 orNH
30 R1-R5 are independently H, F or
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R6 is H, lower alkyl, hydroxyalkyl, or short PEG

5 For instance, the following were synthesized:

F

10 Results

6
,(3-((4-phenylpiperizin-l-yl))methyl)benzyloxy) luciferin (6-

phenylpiperazinexylyHuciferin, line 3 in Figures 17-18) did not cross react with

4F12, and its reaction with 3A4 was insensitive to DMSO at commonly used

concentrations. The background luminescence for 6-phenyl piperazinexylyl-

1 5 luciferin was lower than luciferin-6-benzylether (about 2200 versus about 5000

RLU on a BMG luminometer), and signals for 6-phenyl piperazinexylyl-

luciferin were similar to luciferin-6-benzylether. Moreover, 6-phenyl

piperazinexylyl-luciferin was competitive at 2 of the 3 substrate binding sites on

CYP3A4 compared to luciferin-6-benzylether, which was only competitive at 1

20 site. Initial results indicated that 6-phenyl piperazinexylyl-luciferin can be

employed in cell-based assays.

6(2,3 ,4,5,6-pentafluorobenzyl)-luciferin had lower background

luminescence than luciferin-6-benzylether and 6-phenyl piperazinexylyl-

luciferin (about 900 RLU on a BMG luminometer). The fluorines may stabilize

25 the compound so that there is less non-enzymatic degradation or reduce the

preference of luciferase for the compound compared to luciferin-6-benzylether.
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Thus, 6-phenyl piperazinexylyl-luciferin may be further stabihzed by adding

fluorines to the proximal benzyl group, resulting in a compound with even lower

background luminescence.

6(2,4,6 trimethylbenzyl)-luciferin, 6-phenylpiperizinexylyl-luciferin, 6-0-

5 trifluoromethylbenzyl luciferin, 6(2,3,4,5,6 pentafluorbenzyloxy)-luciferin and

6-phenylpiperizine-2,3,5,6-quatrafluoroxylyMuciferin showed substantial

activity with CYP3A4 and did not show substantial cross reactivity with

CYP4F12 (lines 1-3 and 5-6 of Figures 17-18). Some of these compounds

showed reduced background luminescence and stronger signals with human

10 CYP3A4. Lower background luminescence from the compounds provides for

improved CYP3A assay sensitivity.

Luciferin-6-trifluoromethylbenzylether showed enhanced selectivity for

CYP3A5 (line 10 in Figures 17-18). 4-methyl-6-(0-methyl)-luciferin and 4-(0-

methyl)-6-(0-methyl)-luciferin (lines 1 1-12 in Figures 17-18) showed enhanced

15 selectivity for 1A2, 2C8 and 2C9 in that CYP4A1 1 did not react with these

compounds in contrast to a previously described compound, luciferin-6-

methylether and quinolyl luciferin-6-methyl ether (line 15 in Figures 17-18)

showed enhanced selectivity for CYP4A1 1 compared luciferin-6-methylether.

20 B. Screening Inhibitors of CYP3A4. CYP2D6 and CYP2C19 with Luciferase

Derivative

Materials and Methods

CYP3A4, CYP2D6 and 2C19 Supersomes™ were purchased from

Discovery Labware (BD/Gentest ). "Insect cell control" is a membrane

25 preparation without P450 expression from the expression system used for the

TM
Supersomes .

A 4X concentrated P450 reaction mixture for each P450 was prepared

with an appropriate buffer and substrate.

4X CYP2D6 reaction mix: 400 mM KP04 (pH 7.4), 140 \xM

30 luciferin-6-methylether ethylene glycol ester (line 36 in Figures 17-

18), 10 pmoles CYP2D6 Supersomes™/ml.
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4X CYP2C19 reaction mix: 200mM KPO4 (pH 7.4), 100 nM

luciferin-H ethylene glycol ester (lines 24 and 25 in Figures 17-18),

10 pmoles CYP2C19 Supersomes™/ml.

4X CYP3A4 reaction mix: 200 \xM 6(2,3,4,5,6-pentafluorbenzyloxy)-

5 luciferin or 6-phenylpiperizinexylyl-luciferin (lines 3 and 5 in Figures

17-18), 40 pmoles CYP3A4 Supersomes™/ml.

4X control reaction mix for CYP2D6: 400 mM KPO4 (pH 7.4), 140

jiM luciferin-6-methylether ethylene glycol ester, 100 jug/ml mg

Supersome™ insect cell control membranes.

10 4X control reaction mix for CYP2C19: 200 mM KPO4 (pH 7.4), 100

\iM luciferin-H ethylene glycol ester, 100 |ig/ml Supersome™ insect

cell control membranes.

4X control reaction mix for CYP3A4 reaction mix: 200 yM

6(2,3,4,5,6-pentafluorbenzyloxy)-luciferin or 6-

1 5 phenylpiperizinexylyl-luciferin (lines 3 and 5 in Figures 17-1 8),

400|ig/ml Supersomes™ insect cell control membranes.

Luciferin-6-methylether ethylene glycol ester and luciferin-H ethylene glycol

ester were diluted from 10 mM stock solutions dissolved in acetonitrile, the

20 CYP3A4 substrates from 50 mM stock solutions dissolved in DMSO.

2XNADPH regeneration solutions were prepared as described above.

Test inhibitors were prepared at a 4X concentration. They were diluted in H2O

from stock solution as shown in Table 34. A dilution series of each 4X inhibitor

was prepared inH20 plus an amount of the vehicle from the stock equivalent to

25 what was carried into the most concentrated 4X solution. 0 inhibitor is the stock

solution vehicle diluted inH20. 12.5 ixl of each dilution of4X inhibitor was

added to 3 wells of a white opaque 96 well for the P450 reactions and 3 wells for

the control reactions. 12.5 ^1 of each 4X P450 reaction mixture or control

reaction mixture was added to the appropriate wells with the 4X inhibitors or 0

30 inhibitor vehicle controls. Plates were placed in a 37°C H20 bath for 10 minutes.

Reactions were then initiated by adding 25 |il of the 2X NADPH regeneration

solution. Plates were incubated in the 37°C H^O bath for 30 minutes. The
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reactions were stopped and luminescence initiated by adding 50 \x\ ofP450-

Glo™ luciferin detection reagent (Promega Corporation) with 20 units/ml of

porcine esterase added per reaction. Plates were moved to room temperature and

after a 20 minute wait luminescence was read as RLU on a plate reading

5 luminometer (Polarstar Optima by BMG Labtech or Veritas™ by Turner

Biosystems). Luminescence of the control reactions were subtracted from P450

reactions and curve fits (sigmoidal dose response with variable slope) and IC50

calculations were performed using the program GraphPad PRISM™. Each

inhibitor caused a hyperbolic, dose dependent inhibition with a characteristic

10 IC50 (Tables 35-36). This data provides examples ofhow two luciferin

derivatives each having a left ring modification and a C ring modification can be

used in reactions with two different P450 enzymes to test for P450 inhibition.

Table 35

CYP inhibitor

mM stock

solution carrier

4X (dilution

into water),

mM
1X carrier

cone

terfedadine 10 DMSO 0.1 0.25% DMSO
quinidine 20 H20 4

bufuralol 20 H20 4

verapamil 20 H20 4

clotrimazole 10 DMSO 4 10% DMSO
nifedipine 50 DMSO 4 2% DMSO
nicardipine 150 DMSO 4 0.67% DMSO

1%
Troleandomycin 10 Acetonitrile 0.4 acetonitrile

bupropion 150 DMSO 4 0.67% DMSO
haloperidol 50 DMSO 0.1 0.05% DMSO
quinine 125 H20 4

debrisoquine 100 H20 4

pindolol 100 DMSO 4 1%DMSO
disopyramide 100 HzO 4

1.6%

(sH+)-mephenytoin 50 Acetonitrile 3.2 acetonitrile

Ruvoxamine 5 HzO 0.004

isoniazid 50 H20 1.6

15
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Table 36

Inhibitor CYP2C19

IC50 (uM)

CYP2D6
IQo
(uM)

CYP3A4
6(2,3,4,5,6-

pentafluorbenzy

loxy)-luciferin

IC50(mM)

CYP3A4
6-

phenylpiperizin

exylyl-luciferin

IC5o(uM)

terfedadine 3.6

quinidine 0.01 _ _
bufuralol 37

veraoamil 67

clotrimazole 22.6

nifedipine 131 19.8

nicardipine — 8

troleandomycin — — 0.14 ——

-

bupropion 33 —

haloperidol
1 o
18

quinine 11

debrisoquine 77

pindolol 76

disopyramide 220

(sH+>
mephenytoin

69

Fluvoxamine 0.25

isoniazid 76

C. Luciferin Derivatives for P450 Assays

A number of luciferin derivatives useful to detect P450 enzymes in a two

5 step format were prepared: 6' ether modifications on (4S)-4,5-dihydro-2-(6-

hydroxybenzothiazolyl)-4-thiazolecarboxylic acid (D-luciferin), 6
5

modifications

on (4S)-4,5-dmydro-2-(6-aminobenzotta acid

(aminoluciferin), 6' modifications on quinolyl luciferin and carboxyl esters of D-

luciferin, and 6' modified D-luciferins and 6> modified quinolyl luciferins. In

10 particular, these derivatives were prepared in an effort to identify luminogenic

substrates for P450 enzymes that were not substantially active with previously

prepared luminogenic substrates (U.S. published application 20040171099) or

that showed stronger activity with certain enzymes. In addition, it was also of

interest to identify substrates with improved selectivity for single P450 enzymes.

15 As described below, in addition to new P450 substrates, luciferin esters were

identified that are luminogenic substrates for carboxylesterases.
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Human P450 enzymes CYP2D6 and CYP2C19 oxidize numerous

therapeutic drugs currently in use (Rendic, Drug Metab. Rev. 34: 83-448

(2002)). Drug development efforts therefore include screens ofnew chemical

entities against CYP2D6 and CYP2C19 for modulatory effects of the

5 compounds on the P450 activities. Thus, there is a need for robust assays for

these enzymes.

Materials and Methods

For Figure 20, 1 or 5 picomoles of recombinant CYP2D6 or CYP2C19

membrane fractions from an insect cell expression system (SupersomesTM,

10 Discovery Labware) were incubated at 37°C for 60 minutes with 200 ^iM D-

luciferin 6' methyl ether (luciferin-ME ) in 50 mM (CYP2C19) or 100 mM
(CYP2D6) KP04 (pH 7.4) with anNADPH regenerating system (as described

above) in a volume of50 pi. At the end of the one hour incubation, P450

reactions were stopped and the detection ofP450 generated D-luciferin was

15 initiated by adding 50 yl of luciferin detection reagent For Figure 20, the panel

ofhuman P450s was screened as described above. The luciferin detection

reagent (Promega Corp.) was supplemented with 1 unit per 50 pi ofporcine liver

esterase. Luminescence was read as relative light units (RLU) 20 minutes after

the addition of the luciferin detection reagent with esterase.

20 Results

Many luciferin derivatives with 6' modifications were tested as substrates

for CYP2D6 and 2C19 and for use in luminogenic P450 assays but significant

2D6 or 2C19 activities were not detected with most of these compounds.

Luciferin 6-methyl ether did show some activity with these enzymes, however,

25 the activities were modest in that detection required high substrate and enzyme

concentrations and a long incubation time (Figure 20).

The literature suggested that D-luciferin derivatives with a carboxylic

acid group and its negative charge at pH 7.4 would indeed be poor CYP2D6

substrates. Models of the CYP2D6 active site include an aspartic acid residue; its

30 negative charge would be expected to repel negatively charged luciferin

derivatives (Ellis et al., J. Biol Chem., 270:29055 (1995)). To eliminate the

negative charge on luciferin-6-methyl ether, the carboxyl methyl ester of
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luciferin-ME was prepared. P450s might first catalyze a standard O-dealkylation

to remove the 6' methyl group (Guengerich, Chem. Res. Tox. « 14:61 1 (2001)),

producing the carboxyl methyl ester of D-luciferin. Though a carboxyl ester of

luciferin would not be expected to react with luciferase to make light, it could be

5 de-esterified by adding an esterase to the luciferin detection reagent used for a

standard luminogenic P450 assay. Using this assay strategy, the activity of

CYP2D6 with the carboxyl ester of luciferin-ME was found to be substantially

increased over its activity with luciferin-ME. The carboxyl ester of luciferin-ME

also reacted strongly with several other P450s including CYP2C19 (Figure 20).

10 The carboxyl methyl ester of deoxyluciferin (luciferin-H) was screened

against the same P450 panel and showed substantial activity with CYP2C19 and

strong selectivity for this enzyme over the others tested (line 26 in Figures 17-

18).

The carboxyl methyl esters of luciferin-6-methyl ether and luciferin-H

1 5 were good substrates for luminogenic P450 assays that include a de-

esterification step after the P450 incubation (lines 26 and 33 in Figures 17-18).

However, both compounds had poor solubility in the aqueous P450 assay buffer.

To improve solubility, additional esters of luciferin-6-methyl ether and luciferin-

H were prepared. Picolinyl esters showed improved aqueous solubility and a

20 more limited pattern ofP450 cross reactivity (lines 27 and 32 in Figures 17-18).

The carboxyl picolinyl ester of luciferin-6-methyl ether showed a preference for

2D6, 1A1 and 1A2 while the carboxyl picolinyl ester of luciferin-H showed

preference for 2C19, 1A1 and 1A2, Both of these compounds had the

unexpected property that treatment with an esterase was not required to achieve

25 maximal signals. That is, a substantial difference in signal was not observed

when comparing these assays plus and minus esterase.

These results suggest that the substrates may be oxidized by P450 on two

sites: the 6' site, as previously suggested, and the methylene of the picolinyl

group. A hydroxylation at the picolinyl methylene would make an unstable

30 compound that would decay to form picolinyl aldehyde and D-luciferin. The

sequential oxidation of a given substrate on multiple sites by a single P450 has

been described (Cali et al., J. Biol. Chem. , 266:7774 (1991)). Alternatively, if

there were sufficient carboxyl esterases present in the P450 preparation, these
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could account for the removal of the picolinyl ester group. Experiments with

luciferin-6methylether picolinyl ester or luciferin-H picolinyl ester, with purified

recombinant CYP2D6 or CYP2C19 preparations that were substantially free of

carboxylesterases, clarified the roles of P450 and esterase to remove the

5 picolinyl esters. When 1 unit of porcine esterase was added to the purified P450

reactions a large signal was generated in the 2 step assay format with the

thermostable luciferase. In contrast, when the esterase was not added, less than

10% of the plus esterase signal was observed. This relatively lower signal was

nevertheless higher than signals from reactions that lacked P450 activity

10 altogether (when the essential P450 co-factor NADPH was withheld). Taken

together, these results indicate that P450s (CYP2D6 and CYP2C19 in this

example) modify the 6' position of the 6'methyl ether and 6' deoxytuciferin

picolinyl esters of D-luciferin by hydroxylation or dealkylation, respectively. A

second minor reaction, oxidation at the picolinyl methylene is also catalyzed by

15 P450 leading to de-esterification. However, the major de-esterification observed

with the recombinant p450s in insect cell membranes (Supersomes™) was

catalyzed by non-P450 carboxyl esterase activity present in the membrane

preparation. The latter point was confirmed by HPLC analysis of the

Supersome™ reactions where accumulation was observed ofpicolinyl alcohol,

20 the expected product of a carboxyl esterase reaction, whereas picolinyl aldehyde,

the expected product of a P450 mediate de-esterification, was not observed (data

not shown).

Ethylene glycol esters of luciferin-6-methyl ether and luciferin-H were

also prepared. These were reactive with P450s and had greater solubility in

25 aqueous buffer than the methyl and picolinyl esters (lines 24-25 and 36 in

Figures 17-18). Unlike the picolinyl esters, the ethylene glycol esters required

the addition of esterase to achieve maximum signals. Without added esterase

diminished signals were observed (lines 24-25 in Figures 17-18).

D-luciferin esters were substrates for carboxylesterases in a two step

30 luminescent assay format similar to that used for P450s. D-luciferin methyl ester,

D-luciferin ethyl ester and D-luciferin picolinyl ester were effective in this

format. This was first suggested by results from two of these compounds when

screened against the panel of 21 recombinant human P450s. In those
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experiments, the P450s typically did not give substantially brighter signals than

those observed with the control reactions where the recombinant P450

membrane fractions were replaced with a control membrane fraction that lacked

P450. Though signals varied between P450 preparations no P450 preparation

5 was much brighter than the control. It seems likely then that the signals were not

due to P450 activity in the preparations but rather, variable amounts of carboxyl

esterase activities. Methyl, ethyl and picolinyl esters of D-luciferin were also

characterized as substrates for a purified preparation of porcine esterase without

any p450. In this format each ester linked group was cleaved by the esterase to

10 yield D-luciferin that in turn reacted with luciferase to make light.

There were some compounds that showed substantial light generating

activity with aminoluciferin despite the fact that modifications were made to the

& amine. This was unanticipated because D-Iuciferins with 6' modifications are

typically substantially impaired as light generating substrates for luciferase. A

15 thermostable luciferase reaction with 100 jjM dimethyl amino luciferin was only

about half as bright as a reaction with 100 |iM amino luciferin. This general

phenomenon was also true with N,N-benzyl-methyl-aminoluciferin5
N,N-benzyl-

ethyl-aminoluciferin and isopropyl amino luciferin. Other compounds such as

N,N bisbenzyl amino luciferin that react with luciferase to produce substantial

20 amounts of light without prior reaction with a non-luciferase enzyme may also

be good substrates for luciferase. Aminoluciferin derivatives that are good

substrates for luciferase on their own can be used as scaffolds for further

derivatization in the interest ofmaking substrates for nonluciferase enzymes for

the luminogenic style of reactions described herein. In this case the luminogenic

25 leaving group would be an aminoluciferin derivative such as

dimethylaminoluciferin.

Thus, some luciferin derivatives with an ester group are useful as

carboxyl esterase substrates and those derivatives are not necessarily substrates

for P450 enzymes. Other luciferin derivatives with an ester group and a P450

30 substrate are useful as P450 substrates including those where the corresponding

derivative which lacks the ester group is not a substrate, or a poor substate, of at

least some P450 enzymes. Moreover, for some luciferin derivatives, e.g.,
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picolinyl luciferin-ME and picolinyl luciferin-H, an exogenous esterase may not

be needed to detect P450 activity in samples with endogenous esterase activity.

D. CYP3A induction assay in human hepatocvtes

Certain compounds induce transcription ofCYP3A gene expression

5 resulting in increased levels of CYP3A enzyme activity. It is therefore desirable

to have probes for detecting such inductions at the level ofP450 enzyme activity

in cells such as hepatocytes (Madan et al., Drug Metab. Dispos.. 31:421 (2003)).

6-(2,3,4,5,6 pentafluorobenzyloxy)-luciferin and 6-phenylpiperizinexylyl-

luciferin were tested as probes for detecting CYP3A induction in hepatocytes

10 (Figures 51-52). The results from screening a panel of P450 enzymes

representing most of those expressed in hepatocytes suggested that these

substrates would only react to a substantial extent with CYP3A enzymes

(Figures 17-18).

Rifampicin is a prototypical CYP3A4 gene inducer and was used to

15 determine whether luminogenic P450 substrates could be used to detect

induction in a non-disruptive cell-based assay ofhuman hepatocytes. The

luminogenic P450 substrates 6-(2,3,4,5,6 pentafluorobenzyloxy)-luciferin and 6-

phenylpiperizinexylyl-luciferin were added to the medium of cultured

hepatocytes with the expectation that they would enter cells and react with

20 endogenous P450s to produce D-luciferin. The D-luciferin was in turn expected

to exit cells and accumulate in the culture medium. The medium was then

sampled and combined with a luciferase reaction mixture to generate light in

proportion to the amount of D-luciferin produced by CYP3A enzymes.

Human hepatocytes were used to test the proposed CYP3A4 cell based

25 assay approach (Figures 5 1-52). Freshly plated human hepatocytes on collagen-

coated 96 well plates were obtained from Cambrex Bio Science (Walkerville,

MD). Cells were from a male donor and provided alive at near confluence in 96-

well plates at ambient temperature. Upon arrival, a plastic adhesive seal was

removed from plates and the cells were incubated in a 5% CO2, 37°C incubator

30 for 2 hours in the shipping media. After 2 hours, shipping media was removed

and replaced with 0. 1 mL per well Hepatocyte Culture Medium (HCM,

Cambrex) pre-warmed to 37°C. Plates were returned to the incubator for 1 hour.

After 1 hour, an additional 0.1 mL cold HCM that had been supplemented with

223



WO 2006/130551 PCT/US2006/020731

0.25 mg/mL Matrigel (BD Biosciences, Bedford, MA) was added to each well

on top of the existing 0.1 mL HCM. Plates were then returned to the incubator

overnight. The next day culture medium was removed and replaced with 0.1 mL

fresh medium without Matrigel that included 10 (iM rifampicin (the CYP3A

5 inducing compound) or vehicle alone (0.02% DMSO). Rifampicin and vehicle

containing medium was changed the next day so that cells were exposed to test

compound for a total of 2 days. Vehicle controls were used for measuring basal

CYP450 activity. After 2 days of exposure to rifampicin or vehicle medium was

removed and replaced with 0.1 mL HCM supplemented with 50 \iM of 6-

10 (2,3,4,5,6 pentafluorobenzyloxy)~luciferin or 6-phenylpiperizinexylyHuciferin

or these substrates plus the CYP3A4 inhibitor ketoconazole. For background

luminescence determinations, each luminogenic substrate was added to a set of

four empty wells (no cells). For basal CYP450 activity measurements, each

luminogenic substrate was added to a set of four vehicle control wells. For

15 rifampicin-treated/induced CYP450 activity measurements, each luminogenic

substrate was added to four wells treated with the CYP3A4 inducer, rifampicin.

For inhibition of basal or rifampicin-induced CYP450 activity measurements,

each luminogenic substrate plus the CYP3A4 inhibitor ketoconazole was added

to four wells treated with vehicle alone and to four wells treated with the

20 CYP3A4 inducer, rifampicin.

Samples were then incubated for 4 hours with the luminogenic substrates

or luminogenic substrate plus inhibitor. At the end of the 4 hour incubation

period with luminogenic substrates, 0.1 mL ofmedium was removed from each

well to a 96 well opaque white luminometer plate at room temperature and

25 combined with 0. 1 mL of a luciferin detection reagent (from Promega

Corporation). Luminescence was read on a plate reading luminometer (Veritas,

Turner BioSystems) 20 minutes after combining medium and luciferin detection

reagent. The average luminescence values ofbackground wells were subtracted

from rifampicin-treated and untreated (vehicle control) values to give net

30 CYP3A-dependent luminescence.

A basal level of luminescence was found in the vehicle control wells,

apparently reflecting basal CYP3A activity and the induction of this activity by
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rifampicin was reflected as an increase in luminescence over controls with both

substrates (Figures 51-52). The inhibition by ketoconazole of both basal and

rifampicin-induced activity with both luminogenic substrates by the CYP3A4

inhibitor is consistent with the inteipretation that the basal and induced

5 luminescence is a consequence a CYP3A reaction with luminogenic substrates.

The fold induction measured with 6-(2,3,4,5,6 pentafluorobenzyloxy)-luciferin

was greater than that measured with 6-phenylpiperizinexylyMuciferin. This may

be due to improved selectivity of the former substrate for rifampicin-inducible

P450s or to better access to the P450s in the hepatocytes. The results

10 demonstrate that both substrates are useful probes for detecting CYP3A gene

induction at the level of P450 enzyme activity. The approach has the advantage

of leaving the hepatocytes intact so they could be subjected to additional analysis,

for example, to test for cytotoxicity of a test compound with a cell viability assay.

15 Example 6

Luciferase Substrates

A. Firefly Luciferase

Firefly luciferase was shown to utilize luciferin derivatives that were

modified such that they formed ethers at rates comparable to the rate with which

20 luciferase uses natural luciferin as a substrate. Such compounds were not known

to be able to be utilized by luciferase and in fact one of the compounds was

reported to not be a substrate for the enzyme. In addition, the data indicated that

the utilization of such derivatives can lead to: 1) inactivation of the luciferase,

and 2) fluorescent labeling of the luciferase, but that certain compounds can

25 increase light production.

Materials and Methods

Gel and HPLC stop solution. Solid EDTA (free acid) was placed in a

beaker with water and the pH of the solution adjusted to pH 7.0. The solution

was then adjusted in volume to produce a solution 400 mM in EDTA.

30 Enzyme stop solution. A solution was prepared containing 20 mM Bis

Tris, pH 6.5, 2 mM EDTA and lmg/ml bovine serum albumin.

Reaction buffer (2X). A solution was made containing 100 mM HEPES

buffer, pH 8.0; 10 mM MgCl2 .
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DTT stock. Solid DTT (dithiothreatol) was dissolved in water and then

adjusted to pH 8.0 with solid sodium hydroxide. The solution was then adjusted

in volume to produce a solution 1 M in DTT.

Results

5

Table 37

Reaction Reaction

Buffer

(2X)

1M
DTT

20mM
Coenzyme
A

Gel/HPLC

Stop Sol'n

lOmM
ATP

Luciferin

1 500nl Onl Onl Oni lOni lOni 5mM
Luciferin

BE
2 500(11 0|d 50ni Oni ioni lOni 5mM

Luciferin

BE
3 500nl lOOul Onl Oni lOni lOni 5mM

Luciferin

BE
4 500jil 0^1 Onl iooni ioni lOul 5mM

Luciferin

BE
5 500^1 Ofil oni oni oni lOul 5mM

Luciferin

Be

6 500^1 oni oni ioni lOni 5mM
Luciferin

ME
7 500fil Onl 50ni Oni ioni lOni 5mM

Luciferin

ME
8 500^1 100nl Oni Oni ioni lOul 5mM

Luciferin

ME
9 500^1 Ojil Oni lOOul ioni lOni 5mM

Luciferin

ME
10 500^1 o^ Oni oni oni lOul 5mM

Luciferin

Me

After producing the solutions in Table 37, the volume of all reactions was

adjusted to 990 jal with water. Reactions were started by addition of 10 yl of

10 QuantiLum Luciferase (Promega Corp.; 14.9 mg/ml) to a reaction, mixing,
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removing 100 pi to a luminometer tube and reading the light produced by the

reaction. While the light reading was being taken, a 10 |il sample of the reaction

was diluted to 500 pi with enzyme stop solution (cooled on ice to 4°C) mixed

and placed on ice and a second sample of 90 \il of reaction was added to 10 jil of

5 Gel/HPLC stop and the tube placed at -20°C. A timer was started with the start

of the first reaction and the start times of the remaining reactions was noted. At

15, 30, 45 and 60 minutes, each reaction was sampled as above and the light

produced in the luminometer tubes was measured. At 7 and 22 minutes, the light

produced in the luminometer tubes was read, but the reactions were not sampled.

10 After all samples were taken, 50 \xl of the sample diluted into enzyme

stop solution was mixed with 50 jil of Steady Glo Luciferase Reagent (Promega)

and the light produced measured after incubating at room temperature for 10

minutes. This measured the active luciferase in the initial reaction.

Samples of the materials given Gel/HPLC stop solution and frozen were

1 5 thawed and analyzed by HPLC in addition, selected samples were mixed with

SDS PAGE loading buffer and fractionated on 4-20% SDS PAGE gels and

visualized on a Typhoon Phosphoimager.

Results

The following readings for light emission from the reactions were

20 obtained (Table 38).
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OD

3 «

OOm

2

c>

>

3.311 6.433 226.9 0.354
0.01

0.851 0.714 1.996 0.012 IIO'O

>

4.879 7.284 273.5
0.425

o
0.982 0.916 2.202 0.046 0.017

c>
6.928 7.379 331.6 0.461

o 1.22
1.145 2.708 0.024

o

22

min

9.256 9.941 369.5 0.562 0.005 1.317 1.178
3.31

0.042

o

15min

12.79 10.99 r-
i—

i

0.639 0.008 1.767 1.239 4.073 0.058 0.016

22.61 11.92 532.8 0.771

o
3.144 2.276

6.42
0.117 0.017

Omin 135.2
139.5

,

oo
1.004 0.015 23.46 18.31 38.69 1.067

o

Addition

No

addition

+
CoA

+
DTT

+

EDTA

w/o

ATP

No

addition

+
Co

A

+
DTT

+

EDTA

w/o

ATP

Substrate

Luc'in

BE
Luc'in

ME

Reaction

CM CO oo o>
o

oo
CN
CN
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Analysis of the samples by HPLC indicated that at least 20% of the

luciferin derivative was utilized by the time the 1 5 minute sample was taken

except in the reactions where no ATP was added or where EDTA was present in

the reaction solution. In those reactions, very little utilization of the derivative

5 was seen under these conditions.

The following readings for light emission from the active enzyme in the

samples were obtained (Table 39).

Table 39

Light reading from residual active enzyme

at time

Reaction Substrate Addition 0 min 15min 30 min 45 min

60

min

1

Luc'in

BE

No

addition 129.7 69.9 47.31 37.94 29.08

2 + CoA 186.7 179.6 179.4 157.9 161.8

3 + DTT 194 233.7 224.7 219.5 226.4

4 + EDTA 170 142.7 140.4 141.7 135.4

5 w/o ATP 168.3 174.1 171.7 172.9 164

6

Luc'in

ME

No

addition 141.7 35.4 91.82 85.72 81.76

7 + Co A 163.3 161.8 147.7 144.7 145.6

8 +DTT 170 172.3 164.3 161.6 167.6

9 +EDTA 150.5 150 152.1 152.8 151

10 w/o ATP 170 168.9 175.6 181.9 173.6

10 As seen from the data in the residual active enzyme table above, little

change was seen in the residual enzyme levels in the reactions above except for

the reactions without additive. The reactions without additive show a time

dependent drop with the magnitude of the drop dependent upon the derivative

present in the reaction.

1 5 SDS-PAGE analysis of samples of these reactions followed by

visualization of the image of the gel using a Typhoon imager demonstrated that
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the protein in reactions given no addition did become fluorescently labeled in a

time dependent manner.

Thus, substantial and time dependent depletion of the luciferin derivative

was seen under conditions where luciferin is highly active (reactions above with

5 no addition, or coenzyme A or DTT addition), light production was seen in

reactions with the derivative, and enzyme inactivation and protein labeling were

seen in these reactions under some conditions. Accordingly, this enzyme can

utilize these luciferin derivatives. As mentioned above, derivatives where the

oxygen of luciferin is in an ether linkage had been reported in the literature not

10 to be substrates for luciferin, and thus the fact that these materials are effective

substrates is surprising.

After producing the solutions in Table 40, the volume of all reactions was

adjusted to 990 ^tl with water. Reactions were started by addition of 10 ^1 of

QuantiLum Luciferase (Promega Corp.; 14.9 mg/ml) to a reaction, mixing,

15 removing 100 fil to a luminometer tube and reading the light produced by the

reaction. While the light reading was being taken, a 10 \xl sample of the reaction

was diluted to 500 jul with enzyme stop solution (cooled on ice to 4°C) mixed

and placed on ice and a second sample of 90 |il of reaction was added to 10 |il of

Gel/HPLC stop and the tube placed at -20°C. A timer was started with the start

20 of the first reaction and the start times of the remaining reactions was noted. At

15, 30, 45 and 60 minutes, each reaction was sampled as above and the light

produced in the luminometer tubes was measured. At 7 and 22 minutes, the light

produced in the luminometer tubes was read, but the reactions were not sampled.

25 Table 40

Reaction Reaction

Buffer

(2X)

1MDTT 20mM
Coenzyme

A

lOmM
ATP

Luciferin

3A 500ul Onl Onl 10nl 10ul5mM
Luciferin

3B 500ul 50ul IOm-1 lOul 5mM
Luciferin

3C 500U-1 lOOul Oul 10nl lOfil 5mM
Luciferin
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Reaction Reaction

Buffer

(2X)

1MDTT 20mM
Coenzyme

A

lOmM
ATP

Luciferin

3D 500ul Oul Oul Oul lOulSmM
Luciferin

4A 500^1 Oul Oul lOul lOul 5mM
20HETox
Luciferin

4B 500ul Oul 50ul lOul 10ul5mM
20HETox
Luciferin

4C 500ul lOOul Oul lOul lOul 5mM
20HETox
Luciferin

4D 500ul Oul Oul 0|xl lOul 5mM
20HETox
Luciferin

The following light readings were collected on a Turner 20/20 (Tables 41

and 42).
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The HPLC profiles from the reactions indicated that the peak

representing the unreacted luciferin substrates in these reactions was declining at

a very similar rate except for the reactions not given ATP. This rate was very

similar to the rate seen for utilization of Luciferin BE and Luciferin ME.

5 The following readings for light emission from the active enzyme in the

samples were obtained (Table 43).

Table 43

Sample Time [min]

Reaction 0 15 30 45 60

3A 183.6 170.7 175.6 164.6 146.5

3B 243.6 218.2 211.1 208.2 192.1

3C 188.7 203.9 187.9 191.5 188.7

3D 199.9 194.2 190.4 197.4 194.2

4A 153.2 124.8 111.6 108.4 102.5

4B 207.7 202.5 172.8 191.3 180.8

4C 185.6 190.8 188.1 199.7 190.6

4D 174.3 178.3 176.2 182.2 192

While the generation of light from transformation of native luciferin by

10 QuantiLum luciferase does not lead to a large loss of luciferase activity (see

reaction 3A in Table 43), the transformation of the 2 hydroxyethoxyluciferin

derivative led to significant and substantial reduction in enzyme activity (see

reaction 4A above). This can be prevented to a very large extent by the presence

of various compounds, such as DTT (see reaction 4C above). While there have

1 5 been reports that the rapid turnover of luciferin by the QuantiLum enzyme can

lead to some enzyme inactivation, the inactivation rate for reactions using

luciferin derivatives appears to be much more rapid. In addition, the inclusion of

DTT to reactions using oxygen ether derivatives of luciferin with QuantiLum

enzyme increased the light production.

20 SDS PAGE analysis of the samples indicated that a faint fluorescent

protein band was formed in reactions 3A and 4A but that there was no band

formed under the other reaction conditions.
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Since the HPLC profiles of these reactions showed about an equal rate of

substrate disappearance for the luciferin derivatives as for native luciferin, the

rate for the modified substrates and luciferin are approximately the same. Since

the light production for the reactions with the derivative is far lower than for

5 native luciferin, turnover of these derivatives by QuantiLum luciferase does not

result in as efficient light production as with native luciferin.

B. Scaffolds

In this example, an experiment was performed that demonstrates that

light production by some luciferin derivatives may be dependent upon the

10 particular chemical groups attached to the luciferin. However, one general

observation that can be made is that aminoluciferin derivatives produce far more

light than oxyethers of luciferin. Thus, the aminoluciferin backbone can be used

as a scaffold to prepare other luciferin derivatives that are substrates of luciferase

or derivatives which are substrates for a nonluciferase enzyme and prosubstrates

15 of luciferase that, after reacting with the nonluciferase enzyme, yield a product

that is an aminoluciferin derivative, e.g., dimethyl aminoluciferin or

isopropylaminoluciferin.

Materials and Methods

The DTT, Coenzyme A, and QuantiLum stock solutions are the same as

20 those described herein.

An enzyme addition solution was created that contained 400 raM HEPES,

pH 8.0, 40 mM MgCl2, 2000 ng/ml BSA, 400 pM ATP and 8 pi of QuantiLum

Luciferase (14.9 mg/ml). This solution was diluted 1 : 1 with water to produce an

enzyme solution labeled "No addition." This solution was diluted 1:1 with 400

25 mM DTT, pH 8.0 to produce a solution labeled +DTT. This solution was diluted

1 : 1 with 4 mM Coenzyme A to produce a solution labeled + Co A. Finally, this

solution was diluted 1 : 1 with a solution having both 4 mM Coenzyme A and 400

mM DTT to produce a solution labeled +Co A & DTT.

Results

30 The various luciferin derivatives listed below were diluted from 5 mM

stock solutions to produce solutions at 200, 100, 50, 25, 12.5, 6.25 and 3.125 pM

derivative. 50 pi samples of these solutions were placed in the wells of
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luminometer microtiter plates, row A to row G, respectivly. Row H of the plates

was given 50 jal of water.

Reactions in these plates were initiated by addition of 50 p.1 of solution

containing QuantiLum luciferase using a 12 channel micropipette. The solutions

5 added to the rows were: columns 1, 5, and 9 - no addition solution; columns 2,

6, and 10 - + Co A solution; columns 3, 7, and 11- + DTT solution, and;

columns 4, 8, and 12 - + Co A and DTT solution. After addition of the enzyme

solution to the first row on every plate, a timer was started. After addition of the

enzyme solution to the last row on each plate, the plate was sealed and read on a

10 Veritas luminometer. The following light emission values (Tables 44-46) were

obtained ("alone" indicates no addition).
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An observation made when gathering this data was that the presence of

DTT at high concentrations decreased light production from amino derivatives

of luciferin while DTT increased light production from oxyether analogs. Thus,

these data clearly show that light production can vary up to at least 35,000 fold

5 depending upon the particular concentration of the derivative, and up to at least

12,000 fold depending on the derivative chosen.

B. Thermostable Luciferases

In this example, a second luciferase was demonstrated to utilize luciferin

derivatives. Again, the transformation of these substrates led to covalent

10 modification of the protein in such a way that it becomes fluorescently tagged.

Materials and Methods

A thermostable luciferase (see U.S. Patent No. 6,602,677; Luc 146-1H2)

was obtained in pure form at a purified stock protein concentration of 6.8 mg/ml.

This stock was used to produce enzyme stock solution having of200 (ig/ml

15 enzyme solution in 1 mg/ml BSA, 200mM HEPES buffer, pH 8.0, 20 mM
MgCl2 .

Luciferin BE and Luciferin CEE (Promega Corp.) were diluted with

water from an initial concentration of 5 mM to solutions of 400, 80 and 16 jiM.

Solutions were made using a 1 M DTT solution, pH adjusted to 8.0, a 20

20 mM Coenzyme A solution in water (both described in examples above), a 1 00

mM ATP solution and water to create the following solutions: Sol'A, 100 pM

ATP; Sol'B, 100 \M ATP, 4mM Coenzyme A; Sol'n C, 100 mM ATP, 400 mM
DTT, and; Sol'n D, 100 ^M ATP, 4 mM Coenzyme A and 400 mM DTT.

The following reactions were prepared (Table 47)

25 Table 47

Reaction Luciferin

stock, amt.

Water Sol'A Sol'B Sol'C Sol'D

1- 25ul

Luciferin

BE, 400uM

25 ul 25ul Oul Oul Oul

2 25ul

Luciferin

BE, 400uM

25ul Oul 25|il Oul Oul

3 25ul

Luciferin

25ul Oul Oul 25ul Oul
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Reaction Luciferin

stock, amt.

Water Sol'A Sol'B sore Sol'D

BE, 400uM
4 25ul

Luciferin

BE, 400uM

25ul Oul Oul Oul

5 25nl

Luciferin

BE, 20uM

25[i\ 25ul Oul Oul Oul

6 25ul

Luciferin

BE, 20uM

25ul Oul 25ul Oul Oul

7 25ul

Luciferin

BE, 20uM

25ul Oul Oul 25ul Oul

.8 25ul

Luciferin

BE, 20uM

25ul Oul Oul Oul Oul

9 25ul

Luciferin

BE, 16uM

25ul 25ul Oul Ofxl Oul

10 25ul

Luciferin

BE, 16uM

25ul Oul 25ul Oul Oul

11 25ul

Luciferin

BE, 16mM

25ul Oul Oul 25ul Oul

12 25ul

Luciferin

BE, 16uM

25ul Oul Oul Oul Oul

13 25ul

Luciferin

CEE,

400uM

25ul 25ul Oul Oul Oul

14 25ul

Luciferin

CEE,

400uM

25ul Oul 25ul Oul Oul

15 25ul

Luciferin

CEE,

400uM

25\x\ Oul- Oul 25ul Oul

16 25ul

Luciferin

CEE,

400nM

25ul Oul Oul Oul Oul
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Reaction Luciferin

stock, amt.

Water Sol'A Sol'B SoPC Sol'D

17 25ul

Luciferin

CEE, 80uM

25 ul 25ul Oul Oul 0^1

18 25ul

Luciferin

CEE, 80mM

25 ul Oul 25ul Oul Oul

19 25^11

Luciferin

CEE, 80uM

25ul 0(il Oul 25ul Oul

20 25ul

Luciferin

CEE, 80uM

25ul Oul Oul Oul Oul

21 25ul

Luciferin

CEE, 16uM

25ul 25ul Oul Oul Oul

22 25ul

Luciferin

CEE, 16uM

25nl Oul 25ul Oul Oul

23 25ul

Luciferin

CEE, 16uM

25ul Oul Oul 25ul Oul

24 25ul

Luciferin

CEE, 16uM

25 ul Oul Oul Oul 0^1

25 Oui 50ul 25ul Oul Oul Oul

Results

After assembly, the reactions were initiated by addition of 25 \xl of the

thermostable luciferase stock solution above and mixing the tube contents. A 50

5 sample was immediately removed and placed in a luminometer tube and the

light read and the tube then replaced in a tube rack at room temperature. While

the light reading was being taken, a 5 ^1 sample of the remaining reaction (which

was kept at room temperature) was diluted into 495 |il of 50 mM BisTris, pH 6.5,

1 mg/ml BSA, 1 mM EDTA prechilled to 4°C and the tube mixed and placed on

1 0 ice. The light produced by the samples in the luminometer tubes were re-read at

20, 40, 60, 90 and 120 minutes post enzyme addition. Additional 5 [il samples

were taken and diluted as above at 60 and 120 minutes post enzyme addition.

Once all these readings and samples were taken, 50 |il of the diluted samples
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was mixed with 50 ^1 of Steady Glo in luminometer tubes, the tubes incubated

10 minutes on ice then the light produced was read on a Turner TD 20/20

luminometer.

The following light readings from the reaction samples directly placed

5 into luminometer tubes were obtained (Table 48).

Table 48

Time [minj

Reaction Substrate Additive 0 20 40 60 90 120

1

L'in-BE

100 Alone 160 48.21 19.25 8.305 2.843 1.311

2 + Co A 191.9 63.85 29.28 14.78 6.652 3.014

3 + DTT 148.7 77.9 48.39 32.26 21.71 14.25

4

+ CoA&

DTT 140.4 71.5 45.66 29.32 19.92 13.08

5

L'in-BE

25 Alone 623.2 73.96 28.76 13.42 5.528 2.549

/r

O + Co A 972.4 127.4 58.9 31.96 17.54 9.727

7 + DTT A AO C
448.6 84.21 43.77 27.21 18.48 12.93

oo

+ CoA&

Ul 1 OJ.J / 40. o / io.y4 14.13

9

L'in-BE

6.26 Alone 785.5 62.64 22.11 11.22 5.189 2.995

10 + Co A 2575 207.1 83.73 45.54 24 14.42

11 + DTT 455.6 71.9 33.73 21.49 13.67 9.847

12

+ CoA&

DTT 436.9 80.41 38.47 22.83 16.08 12.01

13

L'in-

CEE 100 Alone 20.46 1.18 0.868 0.788 0.627 0.544

14 + Co A 97.88 10.3 7.127 5.562 3.969 2.845

15 + DTT 22.47 2.233 1.292 1.164 1.093 0.958

16

+ Co A&
DTT 25.41 3.278 2.027 1.666 1.27 1.157

17

L'in-

CEE25 Alone 59.87 3.176 1.919 1.305 1.178 1.03
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Time [min]

Reaction Substrate Additive 0 20 40 60 90 120

18 + Co A 489.2 45.45 25.08 16.96 11.03 7,309

19 + DTT 56.59 3.761 2.196 1.668 1.274 1.157

20

+ Co A&
DTT 57.98 5.721 3.272 2.192 1.379 1.174

21

L'in-

CEE

6.25 Alone 121 5.884 3.316 2.352 1.569 1.154

22 + Co A 1829 114 57.82 37.53 24.66 17.02

23 + DTT 72.52 5.903 3.073 2.089 1.431 1.125

24

+ Co A&
DTT 77.35 7.958 3.656 2.312 1.414 1.134

25

No L'in

Con. ATP Only 198.8 1.177 0.123 0.119 0.101 0.089

The table below (Table 49) contains the light values obtained upon

addition of the diluted reaction samples into Steady Glo reagent.

Table 49

Time Sample Taken

Reaction Substrate Additive 0 min 60 min 120 min

1

L'in-BE

100 Alone 1245 156.4 61.75

2 + CoA 1486 242.2 82.03

3 + DTT 1762 952.1 691

4 + C0A&DTT 1780 1016 778.7

5

L'in-BE

25 Alone 1309 157.1 72.57

6 + Co A 1610 277.8 143.2

7 + DTT 1675 910.2 738.9

8 + Co A & DTT 1925 1102 836.3

9

L'in-BE

6.25 Alone 2057 406.6 267.7
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Time Sample Taken

1? pjifhnnl\CaU ILKJu AHHitivf1

KJ 1X1L11 Aft TTiin\j\J ilJXLl 1 9ft mmizu nun

10 + Co A 1 84110*T1 ^18 6 1/1Q 1

1 1
J. 1

-1- DTT 1 RAft100U 1 1 ID 1ftA7IU0 /

1 9IZ ' l^O /\ Oc JL/1 I 1ZJ0 1103

1 j

L'in-CEE

i c\c\1UU Alone Izoz lzUJ 1 HH11273

1 A t UO A 1 1 HH111/ 1055 HH(\ C770.5

i <ID T Dl 1 lloo 501.5 1 AHO1478

lo + Co A & D 1

1

1 HA C1745 1319 1343

1 H17

L'in-CEE

25 Alone 1345 973.4 860.3

1 qlo + Co A 1 CAH1547 HHH C
777.5

COO H588.7

i n19 + DTT 1116 1372 1393

20 + Co A & DTT 529.6 1268 1329

91Zl

L'in-CEE

O.ZD Alone 14UZ 1 1
1 1 JO 1U ID

22 + Co A 1647 976.8 921

A

23 + DTT 1631 1544 1695

24 + Co A & DTT 1836 1625 1622

25

NoL'in

Con. ATP Only 1415 1685 1863

These data indicate that the tested thermostable luciferase can utilize

these two luciferin derivatives as substrates. With these luciferin derivatives and

the tested luciferase, DTT does not appear to have the ability to dramatically

5 stimulate light production as was seen with the QuantiLum enzyme. However,

as seen with the QuantiLum Luciferase, utilization of these substrates by the

thermostable luciferase resulted in an inactivation of the enzyme that can be

reduced by the addition ofDTT to the reaction. The addition of coenzyme A

increased the level of light production, however, this compound appeared to

10 have differential effects upon the retention of activity of the enzyme with the
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additive alone, somewhat decreasing the inactivation seen with luciferin BE and

enhancing the inactivation with luciferin CEE.

Summary

Derivatives that were designed such that the phenolic hydroxyl group on

5 luciferin was modified to be an oxygen ether or a derivatized amine surprisingly

were utilized by luciferase. For instance, N-(3-hydroxypropyl)-aminoluciferin

(Figure 7B) is a substrate for luciferase that provides sufficient light output for a

luminescence reaction.

The fact that light production from the derivatives varied over several

10 orders ofmagnitude was also surprising. As described herein, recent data clearly

shows that, at least for QuantiLum luciferase, utilization of the derivatives can

be as rapid as that seen for native luciferin. However, light production can be

over 10,000 fold less than from D-luciferin, indicating that light production may

not be an effective means to determine if a derivative is utilized effectively.

15 Thus, the low level of light produced from many of the derivatives could

erroneously have been attributed to very low levels of contaminating native

luciferin rather than to low level light production from the rapid utilization of the

actual derivatives.

For instance, N-(3-hydroxypropyl)-aminoluciferin (Figure 7B) is a

20 substrate for luciferase that provides sufficient light output for a luminescence

reaction.

Further work demonstrated that both the thermostable and QuantiLum

luciferases were inactivated in the presence of some of the derivatives and that

some compounds, such as DTT, may alter light production. The effect ofDTT

25 on light production can result in either no effect on light production, an increase

in light production, or a decrease in light production, dependent upon the

specific combination of luciferase and derivative employed. Moreover, another

compound, coenzyme A, substantially increased light production from a luciferin

derivative, however, it may: 1) increase the rate of enzyme inactivation 2) have

30 no apparent effect on enzyme inactivation, or 3) greatly decrease the rate of

enzyme inactivation dependent upon the particular combination of luciferase and

derivative.
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While thiol compounds such as DTT have been shown to prevent

inactivation of luciferase during the transformation of native hiciferin, and that

coenzyme A can stimulate light production, the results with luciferin derivatives

on the invention were surprising because: the derivatives were unknown and it

5 was unknown whether they were substrates for luciferase, and the phenolic

oxygen of luciferin was thought to be crucial for luciferin to act as a substrate,

and so at least some of the derivatives would not be expected to be substrates. If

the derivatives were likely not to be substrates, there would be no reason to

expect that their biotransformation by luciferase would lead to inactivation of the

10 enzyme. Moreover, since the derivatives were not known to inactivate the

enzyme, there would be no expectation that DTT could alter light production in

reactions with certain derivatives. Therefore, there would be no reason to expect

that any particular derivative could substantially increase light output from

transformation of the derivative.

15 These observations suggest particular modifications that are best avoided

as they may be effectively utilized by luciferase without transformation,

producing a substrate that can give a very high background signal. In addition,

knowing that such a derivative may be utilized may identify, why some

derivatives produce unexpected light signals when used at different

20 concentrations. Moreover, identifying derivatives that can inactivate luciferase

is useful in assay development. For example, for an assay that generates a

steady light signal over an extended period of time, an agent that prevents

inactivation of the enzyme by the unspent derivative that is in the reaction may

be employed. Thus, a solution for the measurement of the amount of luciferin

25 derivative transformed by an enzymatic or chemical process that includes an

agent to prevent the inactivation of luciferase in the solution is envisioned.

The observations described herein provide for a synthetic strategy. This

strategy is based upon the observation that untransformed derivatives produce

light and that different derivatives can produce far different light levels. Prior to

30 these observations, it was likely that all substrates that would be useful for assay

of an enzyme through the transformation of a luciferin derivative would need to

produce a native luciferin moiety. Understanding that light can be produced by

luciferins by transformation of a luciferin derivative indicated that the enzymatic
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transformation need not produce native luciferin to be able to be measured by

light production, only that the production have a measurably different level of

light production (either higher or lower) than the original derivative. This

strategy simplifies potential substrate design and suggests that the substrates that

5 will generate the strongest light signals without generating native luciferin are

those that contain an amino group in place of the phenolic oxygen and that the

amino group can be a tertiary amine. If so, one of the attached groups likely is

no larger than a methyl group while the other can be as large as at least a benzyl

group.

10

Example 7

Luciferase Reactions with Fluoroluciferins are Less pH Sensitive

A. 5 -flouroluciferin

As shown below, firefly luciferase (QuantiLum™ Luciferase, El 70,

15 Promega Corporation, Madison, WI) utilized 5-flouroluciferin (Figure 24) in a

less pH-dependent manner than it utilized luciferin.

Materials and Methods

QuantiLum luciferase was diluted to 14.7 ng/ml in Glo Lysis Buffer (part

E266B, Promega Corporation) containing 1 mg/ml BSA (part BP1605-100,

20 Fisher Scientific, NJ).

To test the pH-dependence of the luciferase signal, the luciferase

detection reagents contain one of 3 buffers each at one of 4 pHs, and this

combination was identical for luciferin and 5'-fluoroluciferin. The luciferase

detection reagents were created using a stock solution containing 0.1850 g of

25 DTT (V3 155, Promega Corporation), 0.0121 g ATP (part 27-1006-01,

Amersham Biosciences, NJ), 80 pi of 0.5 M CDTA stock, pH 8.0 (AA842,

Promega Corporation), and 240 jxM of 1 M magnesium sulfate stock (AA319,

Promega Corporation) in 24 ml of water. This was split into 2 aliquots and

luciferin (El 602, Promega Corporation) or 5-fluoroluciferin (Promega

30 Biosciences Inc., CA) were added to final concentrations, in this solution, of

787.5 jiM. Aliquots of these solutions were then placed into tubes and buffers

were added to 80 mM. The final luciferin detection reagents therefore contained
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80mM buffer, 30 raM DTT, 500 jiM ATP, 1 mM CDTA, 6 mM magnesium

sulfate and 630 \iM luciferin or 5-fluoroluciferin.

The buffers were tricine at pH 8.327, 8.100, 7.883 and 7.673; HEPES at

pH 7.892, 7.720, 7.521, and 7.303; and MOPS at pH 7.499, 7.296, 7.133, 6.900.

5 Luminescent reactions were initiated by combining 100 \il of the

luciferase-containing solution and 100 fil of the luciferase detection reagents.

Luminescence was integrated over 1 second per sample using the Veritas plate

luminometer (Turner BioSystems). N=3 for each result.

Results

10 The average luminescence measured for each set of samples is listed in

Table 50 (relative standard deviation < 4.0%). The relative luminescence shown

is the average luminescence ofeach triplicate divided by the average

luminescence for the luciferin-based luciferase detection reagent at pH 8.3.
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Table 50

pH Buffer Absolute Absolute Relative Relative

Luminescence, Luminescence, Luminescence of Luminescence

Luciferin 5-Fluoroluciferin Luciferin (% of 8.3 of 5-

(RLU) (RLU) Luciferin) Fluoroluciferin

(% of 8.3

Luciferin)

8.327 Tricine 1,463,179 317,030 100% no/

b inn Tricine 1 All Qlfi JJ / ,U*t1 Q7% 24%

7.883 Tricine 1,254,769 357,883 86% 24%

7.673J Tricine 1,041,115 351,411 71% 24%

7.892 HEPES 976,654 377,498 67% 26%

7.720 HEPES 815,317 378,927 56% 27%

7.521 HEPES 661,829 360,308 45% 25%

7.303 HEPES 482,253 323,456 33% 22%

7.499 MOPS 707,832 334,288 48% 23%

7.296 MOPS 585,743 331,515 40% 23%

7.133 MOPS 490,814 325,337 34% 22%

6.900 MOPS 330,277 272,127 23% 19%

These data show that the luminescence increased almost 5-fold over the

5 pH range tested when the luciferase detection reagent contained luciferin,

whereas the luminescence changed by only about 40% when the luciferase

detection reagent contained 5'-fluoroluciferin. Furthermore, the luciferase

detection reagent was less sensitive to the buffer composition when it contained

5-fluoroluciferin than when it contained luciferin. The luciferase luminescence

10 increased by 28% in pH 7.89 reagent when the luciferin-containing buffer was

changed from HEPES to tricine, however, the 5'-fluoroluciferin containing

reagent only decreased by 6% when these buffers were changed. The pH

insensitivity of the luciferase detection reagent containing 5'-fluoroluciferin

could be beneficial if luciferase reactions are run at low pH, especially those

1 5 below approximately 6.9, or where pH shifts between different samples may

occur (for example, if the sample to be measured is highly buffered but not all

samples are the same pH). Therefore, the 5'-fluoroluciferin scaffold may be

modified to include a site for nonluciferase enzyme activity or chemical activity

which derivative could be used to monitor luciferase activity, a nonluciferase

20 enzyme activity, or a chemical activity.

B. Other fluoroluciferins

Materials and Methods
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Reactions were assembled to compare the spectrum generated by 5'-

fluoroluciferin, 7-fluoroluciferin and luciferin. Reagent was created containing

200 mM HEPES, 200 mM PIPES, 1 mM CDTA, 0.5% Tergitol NP-9, 0.03%

. Benzyl dodecyldimethyl ammonium bromide, 30 mM thiourea, 3 mM ATP, 6

5 mM magnesium sulfate, and 0.5 mM luciferin or fluoroluciferin. pH of the

reagent was 7.4. All compounds except fluoroluciferin and ATP were purchased

from Sigma Chemical ATP was purchased from Amersham/Invitrogen.

Luciferin and both fluoroluciferins were made at Promega Biosciences, Inc.

Reactions were initiated by adding equal volumes (0.5 ml) of reagent and

1 0 DMEM medium (Gibco/Invitrogen) containing 0. 1% Prionex® (Pentapharm)

and 2.94 x 10~2 mg/ml QuantiLum™ Luciferase (Promega Corporation).

Spectra were measured using 0.5s integration with 1 nm increments on a

Spex Fluorolog.

For pH titrations, reagent was created containing 100 mM HEPES, 100

15 mM PIPES, 100 mM Tricine, 1 mM CDTA, 0.5% Tergitol NP-9, 0.03% Benzyl

dodecyldimethyl ammonium bromide, 30 mM thiourea, 3 mM ATP, 6 mM

magnesium sulfate, and 0.15 mM 7'-fluoroluciferin. All compounds except

fluoroluciferin and ATP were purchased from Sigma Chemical. APT was

purchased from Amersham/Invitrogen. The pH of solution was adjusted within

20 the range of 8.5 to 6.4. Reactions were initiated by adding equal volumes (0.1

ml) of reagent and DMEM medium (Gibco/Invitrogen) containing 0.1%

Prionex® (Pentapharm) and 1.4 x 10-5 mg/ml QuantiLum™ Luciferase

(Promega Corporation).

Luminescence was measured for 0.5 seconds per well using Turner

25 Biosystems Veritas.

For ATP titrations for luciferin and 5' fluoroluciferin, reagent was created

containing 100 mM HEPES pH 7.5, 0.5 mM CDTA, 30 mM DTT, 6 mM

magnesium sulfate, and 0.5 mM S'-fluoroluciferin or luciferin. All compounds

except 5 -fluoroluciferin and DTT were purchased from Sigma Chemical. To

30 some of this reagent 5 mM ATP (Amersham/Invitrogen) was added, then serially

diluted by half-logs to 0.05 mM. Reactions were initiated by adding equal

volumes (0.1 ml) of reagent and DMEM medium (Gibco/Invitrogen) containing
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0.1% Prionex® (Pentaphaim) and 1.4 x 10-5 mg/ml QuantiLum™ Luciferase

(Promega Corporation).

For ATP titrations for 7'-fluoroluciferin, reagent was created containing

200 mM HEPES, 200 mM PIPES, 1 mM CDTA, 0.5% Tergitol NP-9, 0.03%

5 Benzyl dodecyldimethyl ammonium bromide, 30 mM thiourea, 10 mM

magnesium sulfate, and 0.15 mM 7'-fluoroluciferin. This solution was separated

into 3 parts and pH of the reagents were 7.4, 7.2 and 6.7. To some of this

reagent, 10 mM ATP (Amersham/Invitrogen) was added. The ATP was serially

diluted by quarter-logs from 10 mM to 0.32 mM.

10 Reactions were initiated by adding equal volumes (0.03 ml) of reagent

and DMEM medium (Gibco/Invitrogen) containing 0.1% Prionex®

(Pentapharm) and 1.4 x 10-5 mg/ml QuantiLum™ Luciferase (Promega

Corporation).

Luminescence was measured for 0.5 seconds per well using Berthold

1 5 Orion luminometer.

Results

The luciferase reaction using 5-fluoroluciferin saturated with ATP at a

higher concentration than the reaction using luciferin (Figure 56). Luciferase

reactions containing 5-fluoroluciferin could be used to measure ATP levels that

20 exceed the linear range ofreactions containing luciferin.

For the other fluoroiuciferins, the intensity of luminescence increases

with ATP (Figure 57). Unexpectedly, the requirement for ATP is much higher

in firefly luciferase reactions containing 7-fluoroluciferin than in reactions

containing luciferin where the Km for ATP is usually below 1 mM. 7-

25 fluorolucfierin could therefore be used in firefly luciferase reactions to quantitate

ATP levels that exceed the linear range of reactions utilizing luciferin.

The 5
5

-fluoroluciferin generated luminescence with Xmax approximately

25 nm blue-shifted from regular luciferin and 7'-fluoroluciferin generated

luminescence with Xmax approximately 21 nm red-shifted from regular luciferin.

30 The pH optima for the firefly luciferase reaction using 7'-fluoroluciferin was

approximately pH 7.5, much lower than luciferin where the pH optima is

approximately 8.2 The firefly luciferase reaction also maintained high

comparative intensity at pH below 7.0.
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Thus, 5' fluoroluciferin has a lower pH optima (Figure 59) and a spectral

shift of about 10 nm more blue (Figure 58) and T fluoroluciferin has lower pH

optima and a spectral shift of about 20 to 30 nm more red. It would be expected

that 5' fluoroaminoluciferin, T fluoroaminoluciferin and T, T

5 fluoroaminoluciferin, would have similar characteristics to their luciferin

counterpart.

Running reactions at lower pH increases stability of thiols and luciferin

in a formulation, increasing overall reagent stability. Moreover, running

reactions at lowerpH may permit a coupled enzyme reaction to generate higher

10 light at low pH, and may permit a target enzyme reaction to perform at a higher

activity. Further, the reactions may result in higher luminescent intensities at

lower pH (and may be used to reduce other enzyme activities, like ATPases or

proteases). In addition, the spectral shift allows for better spectral separation in

multiplexing. For T fluoroluciferin and 7
!

, T fluoroaminoluciferin, the spectral

1 5 shift allows for increased measurable luminescence with PMT-based

luminometers. 5* ,7' difluoroluciferin may have similar properties. For T

fluoroluciferin, the requirement for ATP is very high for the luminescence

reaction and so it may be employed in reactions where there is a high Km for

ATP without further reagent modification.

20 Summary

In summary, whereas light production from native luciferin changes

dramatically over a pH range ofpH 6.5 to 8.5, much less change was seen with

fluoroluciferin over these same pH values. This effect resulted in native

luciferin generating more light at higher pH values but fluoroluciferin generating

25 at least as much light if not more light at lower pH values. Therefore, those

compounds are particularly useful where extra signal is important in a reaction

that must be performed at lowered pH values.

Moreover, some derivatives, including those with halogen modifications,

can be utilized to generate light directly, and different derivatives within the

30 broad scope of the luciferin derivatives of the invention, can vary in light

production by several orders in magnitude

Luciferins modified with fluorine that have lower pH optima are useful in

reporter gene measurements, ATP-dependent assays, kinase assays, or other
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assays such as coupled assays, e.g., assays including caspase assays such as

caspase-3/7, caspase-8 or caspase-9 assays, or cathepsin B, cathepsin L or

calpain assays, and as luciferase sensors, for example, with deritivatives that also

have a protease site for a protease with an activity maxima lower than about pH

5 7.2.

Luciferins modified with fluorine that have a spectral shift of about 10

nm or more blue are useful in all luminescent assays, and in particular in in situ

or in vivo luminescent measurements (live cells in culture or live animal

imaging), reporter gene assays, and assays that use luciferase as a sensor.

10 Luciferins modified with fluorine that have a spectral shift of about 20 to

30 nm or more red are useful to improve color quenching in 2 step dual

measurement assays, e.g., of a Renilla luciferase signal, or other dual reporter

gene assays, or in a multiplex assay for a nonluciferase enzyme, such as a

protease, with one or more reporter gene assays, or in other luminescent assays,

15 such as in in situ or in vivo luminescent measurements (live cells in culture or

live animal imaging), reporter gene assays, and assays that use luciferase as a

sensor.

Example 8

20 Luciferin Derivative for Beta-gluronidase

Luciferin 6'-glucuronide was designed as a substrate for beta-

glucuronidase (GUS). The Km value of this compound in 50 mM MES, pH 6.3,

was 180 +/- 30 uM; this is reasonably similar to that of4-methylumbelliferyl

glucuronide, a fluorescent substrate for GUS with a Km value of 59 +/- 8 uM.

25 The luminescent substrate is more sensitive than the fluorescent substrate with a

limit-of-detection of 0.28 ng/ml vs 2.01 ng/ml, respectively. The source of the

human enzyme was Sigma-Aldrich. GUS was incubated with the substrate in 50

mM MES, pH 6.3, for 15 minutes. An equal volume of the P450-Glo luciferin

detection reagent was then added and the luminescence was measured at 2

30 minutes (Tables 5 1-52).
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Table 51

HOOC

COOH

10

OH

[substrate] (uM) +GUS no GUS
2548.0 1,335,243 209,219

849.3 994,977 91,975

283.1 696,778 34,127

94.4 423,619 13,091

31.5 232,533 5,068

10.5 107,502 2,190

3.5 46,210 1,108

0.0 612 451

15

[GUS] (ng/ml)

Table 52

signal-to-noise

luminescence fluorescence

20

277.5 7300 861.4

138.8 3104 376.8

69.4 1411 164.6

34.7 649 76.5

17.3 296 34.7

8.7 133 15.6

4.3 68 7.5

25

All publications, patents and patent applications are incorporated herein

by reference. While in the foregoing specification this invention has been

described in relation to certain preferred embodiments thereof, and many details
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have been set forth for purposes of illustration, it will be apparent to those skilled

in the art that the invention is susceptible to additional embodiments and that

certain of the details described herein may be varied considerably without

departing from the basic principles of the invention.
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WHAT IS CLAIMED IS:

1 . A compound of formula I:

71

5 I

wherein

Y is N, N-oxide, N-(CrC6)alkyl> or CH;

whenY is N, then X is not S;

X is S, O, CH=CH, N=CH, or CH=N;

10 when X is S, thenY is not N;

Z and Z' are independently H, OR, NHR, or NRR;

Z ,f

is O, S, NH, NHR, or N=N;

Q is carbonyl or CH2;

W l

is H, halo, (Ci-C6)alkyl, (C2.C2o)alkenyl, hydroxy!, or (Ci.C6)alkoxy;

15 or

W 1

and Z are both keto groups on ring A, and at least one of the dotted

lines denoting optional double bonds in ring A is absent;

eachW2
is independently H, halo, (C|.C6)alkyl, (C2-C4)alk:enyl, hydroxyl,

or (Ci.C6)alkoxy;

20 each ofK l

, K2
, K3

, and K4
are independently CH, N, N-oxide, or

N-(CrC6)alkyl, and the dotted lines between K 1

and K2
, and K3

and K4
, denote

optional double bonds;

A' and B' are optional aromatic rings fused to ring A, only one of which

is present in the compound, so as to form a fused tricyclic system; and

25 when B' is present, the group Z is present, and

when A* is present, the group Z is absent; and
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the dotted line in ring B is an optional double bond;

each R is independently H, (Ci-C2o)alkyl, (C2-C2o)alkenyl, (C2-

C2o)alkynyl, (C3-C2o)cycloalkyl, (C|-C 12)alkoxy, (Cg-C3o)aryl, heteroaryl,

heterocycle, (C|-C2o)alkylsulfoxy, (C6-C3o)aiylsulfoxy, heteroarylsulfoxy,

5 (Ci-C2o)alkylsulfonylJ
(C6-C3o)arylsulfonyl, heteroarylsulfonyl,

(Ci-C2o)alkylsulfinyl, (C6-C3o)arylsulfinyl, heteroarylsulfinyl,

(CrC2o)alkoxycarbonyl, amino, NH(CrC6)alkyl, N((Ci-C6)alkyl)2,

tri(CrC2o)ammonium(Ci-C2o)alkyl, heteroaryl(Ci-C2o)alkyI, heteroaryl having

quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen,

1 0 (C6-C3o)arylthio, (C| -C2o)alkylphosphate, (Ci -C2o)alkylphosphonate,

(C6-C3o)arylphosphate, (C6-C3o)arylphosphonate, phosphate, sulfate, saccharide,

or optionally when Z" is oxygen, whereinM is an alkali metal;

or when Z or Z' is NR !R\ Rl

R* together with the N to which they are

attached forms a heteroaryl or heterocycle group;

15 wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

substituents selected from (Ci-C2o)alkyl, (C2-C2o)alkenyl, (C2-C2o)alkynyl,

(C3-C2o)cycloalkyl, (C]-C2o)alkoxyl, (C|-C2o)alkylcarbonyl,

(Ci-C20)alkylcarboxyl, halo, hydroxyl, -COORx
,
-S02R

x
, -S03R

x
,
nitro, amino,

20 (CrC20)alkyl-S(O)-, (Ci-C2o)alkyl-S02-, phosphate, (Ci-C20)alkylphosphate,

(Ci-C20)alkylphosphonate, NH(C,-C6)alkyl, NH(CrC6)alkynyl, N((CrC6)alkyl)2 ,

N((CrC6)alkynyl)2 ,
mercapto, (Ci-C2o)alkylthio, (C6-C3o)aryl, (C6-C3o)arylthio,

trifluoromethyl, =0, heteroaryl, and heterocycle, and each substituent is

optionally substituted with one to three R groups;

25 Rx
is H, (Ci -C6)alkyl, or (C6-C30)aryl;

when Z or Z' comprises a nitrogen moiety, one or both of the hydrogens

of the Z or Z' nitrogen moiety may be replaced by (C|-C2o)alkyl or the group L,

wherein L is an amino acid radical, a peptide radical having up to 20 amino acid

moieties, or any other small molecule that is a substrate for a nonluciferase; with

30 the proviso that when L is an amino acid radical or a peptide radical, at least one

W2
is not H;

when Z is a hydroxyl group or a nitrogen moiety, H of the hydroxyl or

nitrogen moiety may be replaced by (HO)2P(0)-OCH2-, sulfo, -PO3H2, or by a
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cephalosporanic acid attached to the group Z via a carbon chain ofone to about

12 carbon atoms; with the proviso that when ring B is a thiazole ring, the sulfo

or the -PO3H2 group is attached to the hydroxyl oxygen via a (Ci-C6)alkylene

group;

5 when Z or Z' is a hydroxyl group or a nitrogen moiety, or when Z"-R is a

hydroxyl group, one H of the hydroxyl or nitrogen moiety may be replaced by

the group L'-linker, wherein L1

is a group removable by an enzyme to free the

linker, and linker is a carbon chain that can self-cleave, optionally interrupted by

one or more nitrogen atoms, oxygen atoms, carbonyl groups, optionally

10 substituted aromatic rings, or peptide bonds,

linker is attached to L' via an oxygen atom or anNH group at one

terminus of the linker and the other terminus of the linker forms an ether, ester,

or amide linkage with a group Z, Z\ or Z"-R;

when Z is OR, formula I is optionally a dimer connected at the two A

15 rings via a linker comprising a (Ci-Ci2)alkyl diradical that is optionally

interrupted by one to four O atoms, N atoms, or an optionally substituted aryl,

heteroaryl, or heterocycle group to form a bridge between the dimer of formula I,

and the R group of each Z group connecting the dimer of formula I is replaced

by the bridge;

20 A" is an anion, present when a quaternary nitrogen is present;

or a salt thereof;

provided that:

when rings A and B form a naphthalene or quinoline ring system, then

W 1

is not hydrogen;

25 when a ring A substituent is OH, then -Q-Z"-R is not -C(0)-NH-NH2 ;

when Y is N or CH and X is CH=CH andW 1

is H, then Z is not OH

attached to K3
; and

when Y is N or CH and X is CH=CH and Z is H, then W 1

is not OH

attached to K3
.

30

2. The compound of claim 1 wherein the ring B is a 6-membered ring;

Y isN or CH;
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X is CH=CH, N=CH, or CH=N; and

the dotted line in ring B is present as a double bond.

3. The compound of claim 2 wherein Y is N or CH; and X is CH=CH.

5

4. The compound of claim 1 wherein the ring B is a 5-membered ring;

YisNorCH;

X is S or O; and

the dotted line in ring B is present as a double bond.

10

5. The compound ofclaim 1 wherein each ofK*-K
4
is CH; and rings A' and

B' are absent.

6. The compound of claim 1 wherein Q is carbonyl; Z"-R is -OH or -

1 5 0(Ci-C2o)alkyl; and eachW2
is H, methyl, or F.

7. The compound of claim 1 wherein Z is OR and R is an optionally

substituted (Ci-C2o)alkyl or (C6-C3o)aryl group.

20 8. The compound of claim 1 wherein Z is OR and R is phenyl or benzyl,

optionally substituted with one to five halo, nitro, trifluoromethyl, phosphate,

alkylcarboxyl, or alkoxycarbonyl groups.

9. The compound of claim 1 wherein Z is OR and R is phosphate or sulfate.

25

10. The compound of claim 1 whereinW 1

is F, CI, Br, or I.

11. The compound of claim 1 wherein one ofK 1

, K2
, K3

, or K4
is N-oxide,

and Z is H, OH, or amino.

30

12. A compound of formula IA:
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z

A'W 1

wherein

10

5

Y is N, N-oxide, N-(CrC6)alkyl, or CH;

when Y is N, then X is not S;

X is S, O, CH=CH, N=CH, or CH=N;

when X is S, then Y is not N;

Zis H, OR, NHR, or NRR;

Z" is O, S, NH, NHR, or N=N;

W 1

is H, halo, hydroxyl, (Ci_C6)alkyl, or (Ci-C6)alkoxy;

the dotted line in ring B is an optional double bond;

each R is independently H, (CrC2o)alkyl, (C2-C20)alkenyl, (C2-

C20)alkynyl, (C3-C20)cycloalkyl, (Ci-Ci 2)alkoxy, (C6-C30)aryl3
heteroaryl,

heterocycle, (CrC20)alkylsulfoxy, (C6-C3o)arylsuifoxy, heteroarylsulfoxy,

1 5 (CrC20)alkylsulfonyl, (C6-C3o)arylsulfonyl5
heteroarylsulfonyl,

(CrC2o)alkylsulfinyl, (C6-C30)arylsulfinyl, heteroarylsulfinyl,

(CrC2o)alkoxycarbonyls
amino, NHfCrCeJalkyl, N((CrC6)alkyl)23

tri(Ci-C20)ammonium(CrC20)alkyl, heteroaryl(CrC20)alkyl, heteroaryl having

quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen,

20 (C6-C30)arylthio, (Ci-C20)alkylphosphate, (CrC2o)alkylphosphonate,

(C6-C3o)arylphosphate, (C6-C3o)arylphosphonate, phosphate, sulfate, saccharide,

orM4
optionally when Z" is oxygen, whereinM is an alkali metal;

or when Z or Z1

is NR!R\ R !R l

together with theN to which they are

attached forms a heteroaryl or heterocycle group;

25 wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

substituents selected from (CrC20)alkyl, (C2-C20)alkenyl, (C2-C20)alkynyl,
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(C3-C2o)cycloalkyl, (Ci-C20)alkoxyl, (Ci-C2o)alkylcarbonyl,

(Ci-C2o)alkylcarboxyl, halo, hydroxyl, -COORx
, -S02R

x
,
-S03Rx

,
nitro, amino,

(CrC20)alkyl-S(O)-, (Ci-C20)alkyi-SO2-, phosphate, (Ci-C20)alkylphosphate,

(C|-C20)alkylphosphonate, NH(d-C6)alkyl, NH(CrC6)alkynyl, N((CrC6)alkyl)2 ,

5 N((CrC6)alkynyl)2 ,
mercapto, (Ci-C20)alkylthio, (C6-C30)aryl, (C6-C30)arylthio,

trifluoromethyl, =0, heteroaryl, and heterocycle, and each substituent is

optionally substituted with one to three R groups;

Rx
is H, (CrC6)alkyl, or (C6-C30)aryi;

A" is an anion, present when a quaternary nitrogen is present;

10 or a salt thereof;

provided that:

when rings A and B form a naphthalene or quinoline ring system, then

W 1

is not hydrogen;

when a ring A substituent is OH, then -Q-Z"-R is not -C(0)-NH-NH2 ;

15 whenY is N or CH and X is CH=CH andW 1

is H, then Z is not OH

attached to carbon-6 of ring A; and

whenY isN or CH and X is CH=CH and Z is H, thenW l

is not OH

attached to carbon-6 of ring A.

20 13. The compound of claim 12 wherein ZM-R is -OH or -0-(Ci.C6)alkyl.

1 4. The compound of claim 12 wherein Z is Z is OR and R is phenyl or

benzyl, optionally substituted with one to five halo, nitro, trifluoromethyl,

phosphate, alkylcarboxyl, or alkoxycarbonyl groups.

25

15. A compound of formula II:
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71

n
wherein

Z and Z' are independently OR 1

, NHR
1

, or NR l

R*;

5 ZM
is O, S, NH, NHR, or N=N;

Q is carbonyl or CH2;

W 1

is H, halo, (C[.C6)alkyl, (C2_C2o)alkenyl, hydroxyl, or (CuC6)alkoxy;

or

W*andZ are both keto groups on ring A, and at least one of the dotted

1 0 lines denoting optional double bonds in ring A is absent;

eachW2
is independently H, halo, (C|.C6)alkyl, (C2.C4)alkenyl, hydroxyl,

or (Ci_C6)alkoxy;

each ofK 1

,
K2

, K3
, and K4

are independently CH, N, N-oxide, or

N-(Ci-C6)alkyl, and the dotted lines between K 1

and K2
, andK3

and K4
, denote

1 5 optional double bonds;

A' and B 1

are optional aromatic rings fused to ring A, only one of which

is present in the compound, so as to form a fused tricyclic system; and

when B' is present, the group Z is present, and

when A' is present, the group Z is absent; and

20 R is H, (CrC20)alkyl, (C2-C20)alkenyl, (C2-C20)alkynyl,

(C3-C20)cycloalkyl, (Ci-Ci 2)alkoxy, (C6-C3o)aryl, heteroaryl, heterocycle,

(CrC2o)alkylsulfoxy, (C6-C3o)arylsulfoxy, heteroarylsulfoxy,

(CrC20)alkoxycarbonyl, amino, NH(CrC6)alkyl, N((Ci-C6)alkyl)2 ,

tri(Ct-C20)ainmonium(CrC2o)alkyl, heteroaryl(Ci-C20)alkyl, heteroaryl having

25 quaternary nitrogen, heteroaiylcarbonyl having quaternary nitrogen, saccharide,

orM4
" optionally when Z" is oxygen, whereinM is an alkali metal;
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R 1

is (C6-C30)aryl, heteroaryl, heterocycle, (Ci -C2o)alkylthio,

(Ci-C20)alkyl-S(O)-, (C|-C20)alkyl-SO2, -S03(Ci-C2o)alkyl, saccharide,

(Ci-C20)alkylphosphate, (CrC2o)alkylphosphonate, (C6-C3o)arylthio,

(C6-C30)aryl-S(O)-, (C6-C30)aryl-SO2 , -SO3(C6-C30)aryl, (C6-C30)arylphosphate,

5 (C6-C3o)arylphosphonate, or R l

is (C|-C2o)alkyl substituted by R2
;

R2
is (CrC20)alkenyl, (C2-C20)alkynyi, (C3-C20)cycloalkyl,

(CrC20)alkoxyl, (CrC2o)alkylcarbonyl, (CrC2o)alkylcarboxyl,

hydroxyl, -COOR\ -S03R
x

,
(C|-C20)alkylthio, (C6-C30)arylthio, (CrC20)alkyl-

S(O)-, (CrC20)alkyl-SO2-, nitro, amino, NH(CrC6)alkyl, NH(C,-C6)alkynyl,

10 N((Ci-C6)alkyl)2 , or N((CrC6)alkynyl)2 ,
mercapto, saccharide, or

trifluoromethyl;

or when 2 or Z 1

is UR}r\ R !R !

together with theN to which they are

attached forms a heteroaryl or heterocycle group;

wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

15 heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

substituents selected from (C|-C2o)alkyl, (C2-C2o)alkenyl, (C2-C2o)alkynyl,

(C3-C20)cycloalkyl, (CrC20)alkoxyl, (CrC2o)alkylcarbonyl,

(Ci-C20)alkylcarboxyl, halo, hydroxyl, -COORx
, -S02Rx

, -S03R
x

, (CrC20)alkyl-

S(O)-, (Ci-C20)alkyl-SO2-, phosphate, (CrC20)alkylphosphate,

20 (Ci-C20)alkylphosphonate, nitro, amino, NH(Ci-C6)alkyl, NH(CrC6)alkynyl,

N((C,-C6)alkyl)2 ,
N((CrC6)alkynyl)2,

mercapto, (CrC20)alkylthio, (C6-C30)aryl,

(C6-C3o)arylthio, trifluoromethyl, =0, heteroaryl, and heterocycle, and each

substituent is optionally substituted with one to three R groups;

Rx isHor(CrC6)alkyl;

25 when Z or Z1

comprises a nitrogen moiety, a hydrogen of the Z or Z'

nitrogen moiety may be replaced by the group L, wherein L is an amino acid

radical, a peptide radical having up to 20 amino acid moieties, or any other small

molecule that is a substrate for a nonluciferase; with the proviso that when L is

an amino acid radical or a peptide radical, at least one ofW 1

or aW2
is not H;

30 when Z is a hydroxyl group or a nitrogen moiety, H of the hydroxyl or

nitrogen moiety may be replaced by (HO)2P(0)-OCH2-, sulfo, -P03H2, or by a

cephalosporanic acid attached to the group Z via a carbon chain of one to about
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12 carbon atoms; with the proviso that the sulfo or the -PO3H2 group is attached

to the hydroxyl oxygen via a (Q-C6)alkylene group;

when Z or Z' is a hydroxyl group or a nitrogen moiety, or when Z"-R is a

hydroxyl group, one H of the hydroxyl or nitrogen moiety may be replaced by

5 the group L'-linker, wherein Lf

is a group removable by an enzyme to free the

linker, and linker is a carbon chain that can self-cleave, optionally interrupted by

one or more nitrogen atoms, oxygen atoms, carbonyl groups, optionally

substituted aromatic rings, or peptide bonds,

linker is attached to L' via an oxygen atom or anNH group at one

10 terminus of the linker and the other terminus of the linker forms an ether, ester,

or amide linkage with a group Z, Z', or Zft

-R;

when Z is OR1

, formula II is optionally a dimer connected at the two A

rings via linker comprising a (C|-C| 2)alkyl diradical that is optionally interrupted

by one to four O atoms, N atoms, or an optionally substituted aryl, heteroaryl, or

1 5 heterocycle group to form a bridge between the dimer of formula II, and the R 1

group of each Z group connecting the dimer of formula II is replaced by the

bridge;

provided that a saccharide is not directly attached to K3
;

A" is an anion, present when a quaternary nitrogen is present;

20 or a salt thereof.

16. The compound of claim 15 wherein each ofK*-K
4
is CH; and rings A'

and B' are absent.

25 17. The compound of claim 15 wherein one ofK 1

,
K2

, K3
, or K4

is N-oxide,

and Z is H, OH, or amino.

18. The compound of claim 1 5 wherein Q is carbonyl; Z"-R is -OH

or ~0(CrC2o)alkyl; and each W2
is H, methyl, or F.

30

19. The compound of claim 1 5 whereinW 1

is F, CI, Br, or I.
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20. The compound of claim 15 wherein Z is OR 1

and R1

is an optionally

substituted (C6-C3o)aryl, heteroaryl, or heterocycle.

21 . The compound of claim 15 wherein Z is NR*R
!

and R {R {

together with

5 the N to which they are attached forms a heteroaryl or heterocycle group.

22. A compound of formula IIA:

0

Z

10 wherein

Zis OR l,NHR 1,orNR1R1

;

Z" is O, S, NH, NHR, or N=N;

W !

is H, halo, hydroxyl, (CiX^alkyl, or (C,.C6)alkoxy;

R is H, (Ci-C2o)alkyl> (C2-C20)alkenyl, (C2-C20)alkynyl,

15 (C3-C20)cycloalkyl5
(C,-C 12)alkoxy, (C6-C30)aryl, heteroaryl, heterocycle,

(CrC20)alkylsulfoxy, (C6-C3o)arylsulfoxy, heteroarylsulfoxy,

(CrC20)alkoxycarbonyl, amino, NH(CrC6)alkyl, N((CrC6)alkyl)2,

tri(Ci-C2o)ammonium(C|-C20)alkyl, heteroaryl(Ci-C2o)alkyl, heteroaryl having

quaternary nitrogen, heteroarylcarbonyl having quaternary nitrogen, saccharide,

20 orM+
optionally when Z" is oxygen, wherein M is an alkali metal;

R 1

is (C6-C30)aryl, heteroaryl, heterocycle, (Ci-C20)alkylthio,

(CrC20)alkyl-S(O)-, (C,-C20)alkyl-SO2 ,
-SO3(CrC20)alkyl, saccharide,

(Ci-C20)alkylphosphate, (Ci-C20)alkylphosphonate, (C6-C30)arylthio 5

(C6-C30)aryl-S(O)-, (C6-C30)aryl-SO2 ,
-SO3(C6-C30)aryl, (C6-C30)arylphosphate,

25 (C6-C30)arylphosphonate, or R1

is (Q-C20)alkyl substituted by R2
;

R2
is (C2-C20)alkenyl, (C2-C20)alkynyl, (C3-C20)cycloalkyl,

(CrC20)alkoxyl, (Ci-C20)alkylcarbonyl, (C|-C20)alkylcarboxyl,
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hydroxyl, -COOR*, -S03R\ (Ci-C20)alkylthio, (C6-C30)arylthio, (C,-C20)alkyl-

S(O)-, (C,-C20)alkyl-SO2-, nitro, amino, NH(CrC6)alkyl, NH(CrC6)alkynyl,

N((Ci-C6)alkyl)2 ,
orN((CrC6)alkynyl)2 ,

mercapto, saccharide, or

trifluoromethyl;

5 or when Z or Z' is NR l

R', R'r
1

together with the N to which they are

attached forms a heteroaryl or heterocycle group;

wherein any alkyl, alkenyl, alkynyl, cycloalkyl, alkoxy, amino, aryl,

heteroaryl, or heterocycle group is optionally substituted with 1, 2, 3, 4, or 5

substituents selected from (Ci-C2o)alkyl, (CrC20)alkenyl, (C^-C^alkynyl,

10 (C3-C20)cycloalkyl, (C]-C20)alkoxyl, (C }-C20)alkylcarbonyl,

(CrC20)alkylcarboxyl, halo, hydroxyl, -COORx
,
-S02Rx

, -S03Rx
,
(CrC20)alkyl-

S(O)-, (Ci-C20)alkyl-SO2-, phosphate, (Ci-C20)alkylphosphate,

(CrC2o)alkylphosphonate, nitro, amino, NH(Ci-C6)alkyl, NH(CrC6)alkynyl,

N((Ci-C6)alkyl)2j N((CrC6)alkynyl)2 ,
mercapto, (Ci-C20)alkylthio, (C6-C30)aryl,

15 (C6-C3o)arylthio, trifluoromethyl, =0, heteroaryl, and heterocycle, and each

substituent is optionally substituted with one to three R groups;

Rx isHor(CrC6)alkyl;

when Z is OR 1

, formula HA is optionally a dimer connected at the two A

rings via linker comprising a (Ci-Ci2)alkyl diradical that is optionally interrupted

20 by one to four O atoms, N atoms, or an optionally substituted aryl, heteroaryl, or

heterocycle group to form a bridge between the dimer of formula HA, and the R1

group of each Z group connecting the dimer of formula II is replaced by the

bridge;

provided that a saccharide is not directly attached to K3
;

25 A" is an anion, present when a quaternary nitrogen is present;

or a salt thereof.

23. The compound of claim 22 wherein Z"-R is -OH or -0-(CwC6)alkyl.

30 24. The compound of claim 22 wherein Z is OR1

and R1

is an optionally

substituted (C6-C3o)aryl, heteroaryl, or heterocycle; or Z is NR^R 1

and R lR !
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together with theN to which they are attached forms a heteroaryl or heterocycle

group.

25. A kit having the compound of any one of claims 1 to 24.

5

26. The kit of claim 25 further comprising an enzyme capable of mediating a

luminescence reaction.

27. A method to detect or determine the presence or amount of a molecule

10 for a nonluciferase enzyme-mediated reaction in a sample, comprising:

a) contacting a sample, a first reaction mixture for a nonluciferase

enzyme-mediated reaction, and a derivative of luciferin which is a

substrate for the nonluciferase enzyme, so as to yield a first mixture,

wherein if the molecule is present in the sample the first mixture

15 comprises a luminogenic product that is a substrate for a beetle luciferase,

and wherein the derivative is not aminoluciferin which is modified to

include a protease substrate via a peptide bond at the amino group which

optionally also has a protected carboxyl group, D-luciferin-O-sulfate, D-

luciferin-6>-phosphate, D-luciferyl-L-phenylalanine, D-luciferyl-L-TV*-

20 arginine, or a substrate for a cytochrome P450 enzyme;

b) contacting at least a portion of the first mixture and a second reaction

mixture for a beetle luciferase-mediated reaction, so as to yield a second

mixture; and

c) detecting or determining luminescence in the second mixture, thereby

25 detecting or determining the presence or amount of a molecule for the

nonluciferase enzyme-mediated reaction in the sample.

28 . A method to detect or determine the presence or amount of a molecule

for a nonluciferase enzyme-mediated reaction in a sample, comprising:

30 a) contacting a sample, a reaction mixture for a nonluciferase enzyme-

mediated reaction and a beetle luciferase-mediated reaction, and a

derivative of luciferin which is a substrate for the nonluciferase enzyme,

so as to yield a mixture, wherein if the molecule is present in the sample,
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a reaction between the nonluciferase enzyme and the derivative yields a

luminogenic product that is a substrate for the beetle luciferase, wherein

the derivative is not aminoluciferin which is modified to include a

protease substrate via a peptide bond at the amino group, which

optionally has a protected carboxyl group, D-luciferin-0-P-

galactopyranoside or a substrate for a cytochrome P450 enzyme; and

b) detecting or determining luminescence in the mixture, thereby

detecting or determining the presence or amount of a molecule for the

nonluciferase enzyme-mediated reaction in the sample.

A method to detect or determine the presence or amount of a molecule

for a luciferase-mediated reaction in a sample, comprising:

a) contacting a sample, a reaction mixture for a beetle luciferase, and a

derivative of luciferin or a deriviative of aminoluciferin which is a

substrate for the luciferase, to yield a mixture, wherein the derivative is

not D-chloroluciferin, D-naphthylluciferin or D-quinolylluciferin; and

b) detecting or determining luminescence in the reaction.

The method of claim 27 or 28 wherein the B ring of the derivative is

modified D-luciferin relative to the B ring.

The method of claim 26 or 27 wherein the nonluciferase enzyme is

monoamine oxidase, flavin monooxygenase, a glycosidase, glutathione S

transferase, a protease, a peptidase, a phosphatase, a sulfatase, a

deacetylase, a deformylase, or a dealkylase.

The method of claim 27 or 28 wherein the nonluciferase enzyme is an

esterase, dehydrogenase, peptidase, demethylase, deacetylase, or

deformylase.

The method of claim 27 or 28 wherein the derivative is a compound of

formula I or IA.
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34. The method of claim 27, 28 or 29 wherein the derivative is a compound

of formula II or IIA.

5 35. The method of claim 32 wherein the A ring of the derivative is modified

relative to D-luciferin or aminoluciferin to include a substrate for the

nonluciferase enzyme.

36. The method of claim 33 wherein the B ring forms an aminoquinolinyl,

10 naphthyl or quinolinyl with the A ring.

37, The method of claim 33 wherein the B ring of the derivative is a six

membered ring.

15 38. The method of claim 27 or 28 wherein the nonluciferase enzyme is a

P450 enzyme.

39. The method of claim 27 or 28 wherein the molecule to be detected or

determined is a substrate for the nonluciferase enzyme-mediated reaction.

20

40. The method of claim 27 or 28 wherein the molecule to be detected or

determined is the nonluciferase enzyme.

4 1 . The method of claim 27 or 28 wherein the molecule to be detected or

25 determined is a co-factor for the nonluciferase enzyme-mediated reaction.

42. The method of claim 27, 28 or 29 wherein the sample is a cell lysate.

43 . The method of claim 27, 28 or 29 wherein the sample comprises intact

30 cells.

44. The method of claim 27 wherein the second reaction mixture comprises

an agent that inhibits inactivation of the beetle luciferase.
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45. The method of claim 28 or 29 wherein the reaction mixture comprises an

agent that inhibits inactivation of the beetle luciferase.

5 46. The method of claim 27 wherein the second reaction mixture comprises

an agent that increases light production.

47. The method of claim 28 or 29 wherein the reaction mixture comprises an

agent that increases light production.

10

48. A method to detect the presence or amount of a molecule in a sample,

comprising:

a) contacting a sample, a first reaction mixture for a nonenzyme-

mediated reaction and a derivative of luciferin which in the presence of

15 the molecule yields a first mixture comprising a luminogenic product that

is a substrate for a beetle luciferase;

b) contacting at least a portion of the first mixture and a second reaction

mixture for a beetle luciferase-mediated reaction, to yield a second

mixture; and

20 c) detecting or determining luminescence in the second mixture, thereby

detecting or determining the presence or amount of the molecule.

49. A method to detect the presence or amount of a molecule in a sample,

comprising;

25 a) contacting a sample, a first reaction mixture for a nonenzyme-

mediated reaction and a beetle luciferase-mediated reaction, and a

derivative of luciferin which in the presence of the molecule yields a

mixture comprising a luminogenic product that is a substrate for a beetle

luciferase; and

30 b) detecting or determining luminescence in the mixture, thereby

detecting or determining the presence or amount of the molecule.
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The method of claim 48 or 49 wherein the molecule is ROS, glutathione

or an OH radical.

A method to identify a modulator of a nonluciferase enzyme-mediated

reaction, comprising:

a) contacting one or more agents, a first reaction mixture for a

nonluciferase enzyme-mediated reaction, and a derivative of luciferin

which is a substrate for the nonluciferase enzyme, so as to yield a first

mixture, wherein the first mixture in the absence of the one or more

agents comprises a luminogenic product that is a substrate for a beetle

luciferase, wherein the derivative is not a substrate for a cytochrome

P450 enzyme;

b) contacting at least a portion of the first mixture and a second reaction

mixture for a beetle luciferase-mediated reaction, so as to yield a second

mixture; and

c) comparing luminescence in the second mixture to a control mixture

which lacks the agent(s), thereby identifying whether one or more of the

agents modulates the nonluciferase enzyme-mediated reaction.

A method to identify a modulator of a nonluciferase enzyme-mediated

reaction, comprising:

a) contacting one or more agents, a first reaction mixture for a

nonluciferase enzyme-mediated reaction, and a derivative of luciferin

which is a substrate for the nonluciferase enzyme, so as to yield a first

mixture, wherein the first mixture in the absence of the one or more

agents comprises a luminogenic product that is a substrate for a beetle

luciferase, wherein the derivative includes a B ring modification relative

to D-luciferin;

b) contacting at least a portion of the first mixture and a second reaction

mixture for a beetle luciferase-mediated reaction, so as to yield a second

mixture; and
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c) comparing luminescence in the second mixture with a control mixture,

thereby identifying whether one or more of the agents modulates the

nonluciferase enzyme-mediated reaction.

5 53. A method to identify a modulator of a beetle luciferase-mediated reaction,

comprising:

a) contacting one or more agents, a reaction mixture for a beetle

luciferase, and a derivative of luciferin which is a substrate for the

luciferase, to yield a reaction, wherein the derivative is not D-

10 naphthylluciferin or D-quinolylluciferin; and

b) comparing luminescence in the reaction -with a control reaction,

thereby identifying whether one or more of the agents modulates the

luciferase reaction.

15 54. The method of claim 51, 52 or 53 wherein the agent is an inhibitor of the

reaction.

55. A method to detect or determine the presence or amount of a molecule

for a cytochrome P450 enzyme-mediated reaction in a sample,

20 comprising:

a) contacting a sample, a first reaction mixture for a cytochrome P450

enzyme-mediated reaction, and a derivative of luciferin which is a

substrate for the cytochrome P450 enzyme, so as to yield a first mixture,

wherein if the molecule is present in the sample the first mixture

25 comprises a luminogenic product that is a substrate for a beetle luciferase,

wherein the derivative is a compound of formula I or II.

56. The method of claim 55 wherein the reaction mixture of a) further

includes a pyrophosphatase.

30

57. The method of claim 56 wherein the pyrophosphatase is an inorganic

pyrophosphatase.
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58. The method of claim 55 wherein the second reaction mixture further

comprises a detergent.

59. The method of claim 58 wherein the detergent is a non-ionic detergent.

5

60. The method of claim 55 wherein the sample comprises cells.

6 1 . The method of claim 60 wherein the cells express a beetle luciferase.

10 62. The method of claim 55 wherein the sample comprises lysed cells.

63. The method of claim 62 wherein the cells are contacted with a lysis

reagent.

15 64. A method to identify a modulator of a cytochrome P450 enzyme-

mediated reaction, comprising:

a) contacting one or more agents, a first reaction mixture for a

cytochrome P450 enzyme-mediated reaction, and a derivative of luciferin

which is a substrate for the cytochrome P450 enzyme, so as to yield a

20 first mixture, wherein the first mixture in the absence of the one or more

agents comprises a luminogenic product that is a substrate for a beetle

luciferase, wherein the derivative is a compound of formula I or II.

25

65. The method of claim 64 wherein the one or more agents is an inhibitor.

66. The method of claim 64 wherein the reaction mixture of b) further

includes a

pyrophosphatase.

30 67. The method of claim 64 wherein the pyrophosphatase is an inorganic

pyrophosphatase.
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68. A compound which comprises a fluorophore and a substrate for a

monoamine oxidase, or a flavin monoxygenase or a redox reaction.

69. The compound of claim 68 which comprises a fluorescein derivative.

5

70. The compound of claim 68 which has formula XIII.

71 . The compound of claim 68 which comprises a coumarin derivative.

10 72. A method to detect or determine the presence or amount of a molecule

for a nonprotease enzyme-mediated reaction in a sample, comprising:

a) contacting a sample, a first reaction mixture for an oxygenase or

oxidase-mediated reaction, and a derivative of a fluorophore which

includes a substrate for the oxygenase or oxidase enzyme, so as to yield a

1 5 first mixture, wherein if the molecule is present in the sample the first

mixture comprises a hydroxy fluorogenic product; and

b) detecting or determining fluorescence in the mixture, thereby detecting

or determining the presence or amount of a molecule for the oxygenase

or oxidase-mediated reaction in the sample.

20

73. The method of claim 72 wherein the product is umbelliferone.

74. The method ofclaim 72 wherein the derivative is a derivative of

coumarin.

25

75. The method of claim 72 wherein the derivative is a derivative of

fluorescein.

76. The method ofclaim 72 the oxidase is a monoamine oxidase.

30

77. The method of claim 76 wherein the monoamine oxidase is monoamine

oxidase A.
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5

10

25

30

78. The method of claim 76 wherein the monoamine oxidase is monoamine

oxidase B.

79. The method of claim 72 wherein the oxygenase is flavin monoxygenase.

80. The method of claim 72 wherein the derivative includes a linker and a

substrate for the oxidase or oxygenase.

81 . The method of claim 72 wherein the sample comprises cells.

82. The method of claim 72 wherein the sample comprises a cell lysate.

83. A method to identify a modulator of a nonprotease enzyme-mediated

reaction, comprising:

15 a) contacting one or more agents, a first reaction mixture for an

oxygenase or oxidase-mediated reaction, and a derivative of a

fluorophore which includes a substrate for the oxygenase or oxidase, so

as to yield a first mixture, hwerein the first mixture in the absence of the

one or more agents comprises a hydroxy fluorogenic product; and

20 b) comparing fluorescence in the mixture to a control mixture which

lacks the agent(s), thereby identifying whether one or more of the agents

modulates the oxygenase or oxidase-mediated reaction.

84. The method of claim 83 wherein the one or more agents is an inhibitor.

85. The method of claim 83 the oxidase is a monoamine oxidase.

86. The method of claim 83 wherein the monoamine oxidase is monoamine

oxidase A.

87. The method of claim 85 wherein the monoamine oxidase is monoamine

oxidase B.
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88. The method of claim 83 wherein the oxygenase is flavin monooxygenase.

89. The method of claim 72 or 83 wherein the derivative has formula XIII:

-w2

wherein

the dashed ring is an optionally present benzo ring;

1 0 the dashed bond in the B ring is present only when the dashed ring is

absent;

X' is CH when the dashed ring is absent;

X1

isNH when the dashed ring is present;

X1

is a carbon atom when the dashed ring is present and X' forms part of

15 a spiro ring system which is a 7-butyrolactone ring having an optionally

substituted benzo ring fused at the a and j3 carbons of the lactone ring

and attached to X' at the 7 carbon;

W 1

, W3
, andW4

are independently H, halo, carboxyl, carboxy ester,

loweralkyl, hydroxyloweralkyl, C6-2oaryl, or substituted C6-2oaryl; W2
is

20 hydroxyl, loweralkoxy, or amino, wherein one or both amino hydrogens

may be replaced by lower alkyl;

7} is a loweralkylene chain terminated by an amino group, a

loweralkylamino group, a diloweralkylamino group, a thiol group, or a

lower alkylthio group; W2 is alkoxy, or OCH(R7)CH(R8)CH(R9)N(R3R4);

25 and

Z2
is a keto group present only when the benzo ring is absent.

90. The method of claim 72 or 83 wherein the interaction between the

oxygenase or oxidase and the derivative produces an iminium and/or
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aldehyde intermediate which optionally undergoes a noncatalytic (3-

elimination to yield the hydroxy fluorogenic product.
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3A4 PPXE assays for inhibition by nifedipine

uMnifedipiPPXE PPXE PPXE
200 8584 8236 7914 8244.667 335.0841

100 13594 12898 12378 12956.67 610.1191

60 22014 21868 2305.6 22312.67 647.8714

25 33136 33182 32656 32091.33 291.3166

12.5 49210 47.340 48470 48340 941.753.7

6.25 82042 77646 81388 80358.67 2371.887

3.125 91596 86630 89658 89294.67 2502.858

0 136742 125432 129692 130622 5712.066

FIG. 50

Cambrex human hepatocytes; donor is 1 1yr old male

48 Hour induction with 10uM Rifampicin

3 hr incubation with 50uM 5FBE

keto

luciferin-5FBE.

vehicle 3174 3847 2900

vehicle+ke 835 1099 1197

10oMrifarr 36371 39351 34085

Rifamp.+k< 1199 1097 941

ave

5211 3783

621 938

33834 35910.25

965 1050.5

FIG. 51
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Cambrex human hepatocytes; donor is 1 1 yr old male

48 Hout induction with lOuM Rifampicin

3 hr incubation with 50uM PPXE

luciferin-PPXE ave sd

vehicle 1297 1641 1863 2367 1792 448.5131

vehicle+ke 20 196 238 224 169.5 101.1846

lOoM rifan 9311 8468 6355 10540 8668.5 1761.42

rifamp.+ke 428 578 356 592 488.5 115.382

FIG. 52
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COOH

Luciferin 6' chloroethyl ether (Luciferin-CEE)

COOH

Luciferin 6' benzyl ether (Luciferin-BE)
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PH

FLUORO-LUCIFERIN MOPS HEPES TRICINE

LUCIFERiN MOPS -e- HEPES TRICINE
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ATP (mM)

Luminescence (RLU)

LH2 5'-FLH2

5 3690086 3721322

1.53 5924428 4148488

0.5 6966226 3671565

0.153 6277734 2790236

0.05 3880786 1753139

0 1061 574

3 10000000

[ATP] (mM)

ma 56
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[ATP]

(mM)

Luminescence (RLU)

pH7.4 PH 7.2 PH6.7
10.00 554.2 510.2. 342.9

5.62 430.9 390.2 305.6

3.16 287.6 284,2 199.6

1.78 2Q7..6 186.9. 154.9

1.00 126.2 128.9 99.6

0.56 99.6 110.9 96.2

0.32 76.2 79.6 56.2

~ 1000.0

COz
UJ

5 100.0

UJo
CO
UJz

10.0 h *

0.10 1.00 10.00

[ATP] (mWl)

FIG. 57
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vXXK Y=OotCH2

optionally substituted at positions other than CI with 1

functionality comprising any of hydroxyl, halo, thio,

amino, ketone, ester, amide, aldehyde.

optionally substituted at positions other than CI with 1

functionality comprising any ofhydroxyl, halo, thio,

amino, ketone, ester, amide, aldehyde.

R~H, C1-C10 alkyl, alkenyl, alkynyi, with chains all

being cyclic or branched or unbranched and optionally

substituted at positions other than CI with I or 2

functionalities comprising hydroxyl, halo, thio, amino,

ketone, ester, amide, aldehyde.

A=C6-10 aryl, heteroaryl optionally substituted at

positions other than CI with 1 or 2 functionalities

comprising hydroxyl, halo, thio, amino, ketone, ester,

amide, aldehyde.

IA or 3

optionally substituted at positions other than CI with 1

or 2 functionalities comprising hydroxyl, halo, thio,

amino, ketone, ester, amide, aldehyde.

Y-O.NH.CH2.

optionally substituted at positions other than CI with 1

functionality comprising any of hydroxyl, halo, thio,

amino, ketone, ester, amide, aldehyde.

R" =H, C1-C8 alkyl, alkenyl, alkynyi, with chains all

being cyclic or branched or unbranched and optionally

substituted at positions other than CI with 1 or

functionalities comprising hydroxyl, halo, thio, amino,

ketone, ester, amide, aldehyde.

A=C6 aryl, heteroaryl optionally substituted at

positions other than CI with I or 2 functionalities

comprising hydroxyl, halo, thio, amino, ketone, ester,

amide, aldehyde.

optionally substituted at positions other than CI with 1

or 2 functionalities comprising hydroxyl halo, thio,

amino, ketone, ester, amide, aldehyde.

FIG. 60
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